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Abstract

This thesis investigates a novel induction machine topology that uses a rotating
power electronic converter. Steady-state and dynamic performance of the
topology is studied to understand its operational principle. Furthermore the
potential of improving its efficiency and power factor is investigated. The
topology is referred to as wound rotor induction machine with rotating power
electronic converter (WRIM-RPEC).

The WRIM-RPEC topology offers the possibility to magnetize the induc-
tion machine from the rotor side by introducing a reactive voltage in the
rotor. Thus, the power factor of the machine can be improved. Constant
speed variable load operation can be achieved by setting the frequency of the
introduced voltage. Two options of rotor winding and converter configuration
in the WRIM-RPEC system are investigated. The wound rotor windings
can either be open-ended and fed by a three-phase back-to-back converter
or Y-connected and fed by a single three-phase converter. The dc-link in
both converter configurations contains only a floating capacitor. These two
configurations give different dc-link voltages at the same torque and speed.

Two analytical steady-state models of the topology are developed in this
thesis. The first model can be used to analyze the operating condition of
the motor at specific speed and torque. Particularly, the operating range
of speed and torque of the topology is investigated. The second model is
used to analyze variable power factor operation, including unity power factor
operation. Analytical calculations and measurements are carried out on a
4-pole, 1.8kW induction machine and the results are compared.

A dynamic mathematic model is then developed for the WRIM-RPEC
system for the back-to-back converter configuration. The mathematic model
is then applied in Matlab/Simulink to study the dynamic performance of
the system including starting, loading and phase-shifting. The simulation
results are compared with measurements on the 4-pole, 1.8kW induction
machine. Moreover, the simulation model using the existing Simulink blocks
are studied to compare with the results obtained from the mathematic model.
Furthermore, the dynamic performance of the WRIM-RPEC system with the
single converter configuration is investigated. In addition, harmonic spectra
analysis is conducted for the stator and rotor currents.

In the last part of the thesis, efficiency improvement is investigated on
the 4-pole induction machine when it is assumed to drive a pump load. It
is shown that the efficiency can be further improved by decreasing the rotor
resistance. Due to space constraints it is however difficult to decrease the rotor
resistance in a 4-pole induction machine. An investigation is thus carried out
on a standard 12-pole, 17.5kW squirrel-cage induction machine with inherent
low power factor. The cage rotor is redesigned to a wound rotor to enable the
connection of converter to the rotor windings. An analytical model is developed
to design the wound rotor induction machine. The machine performance from
calculations is then compared with FEM simulations with good agreement.
The analytical model is further used to design several WRIMs with different
dimensions and rotor slot numbers. Power factor and efficiency improvement
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is then explored for these WRIMs. A promising efficiency increase of 6.8% is
shown to be achievable.

Index terms— Brushless induction machine, efficiency improvement, op-
timum efficiency, rotating power electronic converter, unity power factor,
variable power factor, wound rotor induction machine
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Sammanfattning

Denna avhandling undersöker en ny induktionmaskins topologi som använder
en roterande kraftelektronisk omvandlare. Topologin studeras i både stationärt
och dynamiskt tillstånd för att förstå dess arbetsprincip. Dessutom undersöks
möjligheterna att förbättra dess verkningsgrad och effektfaktor. Topologin
benämns som en induktionsmaskin med lindad rotor och roterande kraftelekt-
ronik omvandlare (WRIM-RPEC).

WRIM-RPEC topologin erbjuder möjligheten att magnetisera induktions-
maskinen från rotorsidan genom att införa en reaktiv spänning i rotorn. Således
kan effektfaktorn hos maskinen förbättras. Konstant hastighet kan uppnås
genom att ställa in frekvensen hos den införda spänningen. Två alternativa
konfigurationer av rotorlindning och omvandlare i WRIM-RPEC systemet
utreds. Den lindade rotorns lindningar kan antingen vara öppna och matas med
en tre-fas back-to-back-omvandlare eller Y-kopplad och matas med en enda
tre-fas omvandlare. DC-länken i båda strömriktarkonfigurationer innehåller
endast en kondensator. Dessa två konfigurationer ger olika dc-länk spänningar
vid samma vridmoment och hastighet.

Två analytiska matematiska modeller av topologin utvecklas i denna
avhandling. Den första modellen kan användas för att analysera driftstillståndet
för motorn vid specifika varvtal och vridmoment. I första hand undersöks
topologins arbetsområde för hastighet och vridmoment. Den andra modellen
används för att analysera drifter med variabel effektfaktor, inklusive drift med
effektfaktor =1. Analytiska beräkningar och mätningar utförs på en 4-polig,
1.8kW induktionsmaskin och resultaten jämförs.

En dynamisk modell utvecklas längre fram för WRIM-RPEC system for
konfigurationen med back-to-back omvandlaren. Modellen appliceras sedan i
Matlab/Simulink för att studera dynamiska prestanda av systemet, inklusive
start, belastning och fasvridning. Simuleringsresultaten jämförs med mätningar
på den 4-poliga, 1.8kW induktionsmaskinen. Dessutom används simulerings-
modellen med befintliga Simulink block för att jämföra resultatet med de som
erhållits från den matematiska modellen. Vidare undersöks den dynamiska
prestandan av WRIM-RPEC systemet för konfigurationer med en enda om-
vandlare. Fortsättningsvis, genomförs en harmonisk spektral analys av stator-
och rotorströmmar.

I den sista delen av avhandlingen undersöks möjligheten till förbättring
av verkningsgraden hos den 4-poliga induktionsmaskinen när den antas driva
en pumplast. Det visas att verkningsgraden kan förbättras ytterligare genom
minskning av rotorresistansen. Av utrymmesskäl är det emellertid svårt att
minska rotorresistanser hos en 4-polig induktionsmaskin. En undersökning
har sålunda utförts på en standard 12-polig, 17.5kW kortslutenmaskin som
har en inbyggd låg effektfaktor. Burlindningen görs om först till en lindad
rotor för att möjliggöra anslutning av omvandlaren till rotorlindningarna. En
analytisk modell är framtagen för att designa den lindade induktionsmaskinen.
Maskinens prestanda från beräkningar jämförs sedan med FEM simuleringar
och ger en god överensstämmelse. Den analytiska modellen används vidare för
att designa flera WRIMs med olika dimensioner och rotorspårtal. Möjligheter
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till förbättring av effektfaktorn och verkningsgraden undersöks sedan för de
olika WRIMs. Resultatet visar att man kan nå en ökning av verkningsgraden
med lovande 6.8%.
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Chapter 1

Introduction

1.1 Background

Standard squirrel-cage induction machine (SCIM) is widely used in industry due to
its advantages with regard to reliability, robustness and cost effectiveness. It has
however a drawback of lacking the capability to balance the active and reactive power
thereby suffering from poor power factor. Especially the power factor and efficiency
will be reduced drastically when the SCIM is operated at light load or during the
startup [1]. Moreover, low speed is required in some applications. Employing gear
box is a solution to lower the speed. A SCIM with low pole number can then still
be used to maintain a relatively high power factor at a cost of loss in efficiency due
to the gear box. Alternatively a SCIM with higher pole number can be used thus
avoiding the gear box together with the losses and maintenance associated with it.
However, the power factor of SCIM with higher pole numbers can become too poor
to meet the electricity supplier’s requirement. Improving the power factor of an
induction machine is therefore an attractive topic for research and has been pursued
for decades leading to some interesting solutions.

The most straightforward solution is to connect a capacitor bank at the machine
terminals. The machine system thus becomes bulky. Moreover, the machine might be
damaged when it is disconnected from the power supply if an improper capacitance is
selected which causes overvoltage because of self-excitation [1–4]. Another approach
is to replace the capacitor bank by a converter with a floating capacitor, making
it possible to supply variable capacitance to meet the requirements at different
operating conditions [5]. However, this method of feeding a capacitive reactance at
the machine terminals improves only the power factor seen from the grid while the
power factor of the machine itself does not change.

Rewinding the stator windings of the existing SCIMs is studied to improve
the power factor of the machine with good results [6–8]. However, the mechanical
output capability of the rewound machine is shown to be reduced compared with
the original machine [6, 8].

1



2 Chapter 1. Introduction

Later on, with the development of power electronic devices, topologies using
converters have attracted more interest. A converter consisting of a rectifier and an
inverter is connected between the grid and the SCIM [9,10]. The power factor is
improved by controlling the inverter output voltage to the machine. Furthermore,
the rectifier can be replaced by a second inverter thus enabling bidirectional power
flow between the machine and the grid [11,12]. This approach has good performance
on power factor improvement. However, high frequency harmonics are brought to
the grid because of the switching devices [13,14].

A dual-stator winding topology is studied in [15–19] for power factor improvement.
In this topology the stator has two sets of electrically isolated windings of the same
or dissimilar phase. The main stator winding is connected to the grid directly or
via a converter while the auxiliary winding is fed by a converter. Power factor
improvement is achieved by introducing a proper capacitance to the circuit through
the auxiliary winding. Moreover, the auxiliary stator winding can be removed while
its converter can be moved to the other end of the main winding terminals, which
means that the stator winding is open-ended [20–23]. The results show that this
topology has good performance on power factor improvement [21, 22] where the
SCIM is capable of operating at unity and leading power factor. However, converter
and capacitor in these topologies have to be dimensioned for rated voltage to ensure
that the machine can operate over the full load range up to the rated load.

Furthermore, the induction machine can be magnetized from the rotor side
of a wound rotor induction machine (WRIM). This is usually used in doubly-fed
induction machine (DFIM) topologies [24–27]. This topology is capable of controlling
the active and reactive power thereby the power factor. However, it requires closed
loop control with the exact position information of the flux.

Though the WRIM enables the access to the rotor winding to give better
speed and power factor regulation [24, 25], reliability of the machine is reduced
while the maintenance cost is increased due to the slip rings and carbon brushes.
Carbon brushes and slip rings employed in WRIM have limited lifespan because of
their mechanical contact thus they need to be replaced by new ones from time to
time. Moreover, the carbon dust has a negative impact on the machine insulations.
Consequently, the maintenance cost of the WRIM is increased while the reliability
is decreased [28, 29]. Brushless WRIM is therefore another interesting topic for
research.

Topology using two cascaded induction machines is one of the brushless de-
vices [30, 31]. However, the torque-speed characteristic becomes distorted as the
synchronous speed is dependant on the combination of the pole numbers of the two
machines [29]. A rotary transformer topology is developed in [28, 29], in which a
rotating transformer is mechanically and electrically coupled to the rotor of the
WRIM. This topology enables the control of the speed, current, torque and power
factor of the WRIM. However, the machine becomes large and bulky. A topology
using a rotor-integrated-converter is studied in [32,33] where a compact rotor de-
sign is obtained. Futhermore, the concept of applying a rotating power electronic
converter in DFIG is also presented in [26,27].
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As an alternative, a topology of wound rotor induction machine with a rotat-
ing power electronic converter (WRIM-RPEC) is investigated in this thesis. This
topology was invented by Magnus Lindmark in [34]. It is proposed to magnetize
the induction machine from the rotor side by connecting a converter to the rotor.
It offers advantages overcoming two of the major drawbacks of the conventional
WRIM; poor power factor and low reliability due to the use of carbon brushes and
slip rings. The stator of the WRIM is directly connected to the grid while the
rotor windings are either open-ended or Y-connected. The open-ended rotor wind-
ings can be fed by dual two-level three-phase converters connected in back-to-back
configuration. Otherwise single two-level three-phase converter can be connected
to the Y-connected rotor windings. The converter together with its controller is
proposed to be integrated in the rotor or its shaft and to rotate with it. Therefore,
wireless communication will be required to control the RPEC.

1.2 Main Contributions

The main scientific contributions of this thesis work are as follows:

1. The WRIM-RPEC system is introduced and its operating principle is thoroughly
analysed and confirmed through analytical calculation, simulation and experi-
ment.

2. An analytical steady-state model is developed to investigate the operating speed
and torque range of the WRIM-RPEC system. It is shown that the machine can
operate over a wide speed and torque range instead of along the torque-speed
characteristic of the standard induction machine. The model is verified showing
good agreement between analytical calculations and measurements.

3. Another analytical steady-state model is developed to study variable and unity
power factor operation of the WRIM-RPEC system. It is shown that at each
torque the WRIM-RPEC system is able to operate at inductive, capacitive and
unity power factor by adjusting the speed. The theory is verified by the experi-
mental results.

4. A dynamic model is developed for the WRIM-RPEC system. Dynamic behavior
is studied through simulation and experiment with good agreement.

5. Efficiency and power factor improvement is studied when the WRIM-RPEC is
used in pump applications. Study on a 4-pole induction machine shows that
the efficiency of the machine can be improved effectively using the presented
topology. Furthermore, the study on an induction machine with 12 poles shows
further improvement in efficiency and power factor.
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1.3 Outline of the Thesis

Chapter 2 describes the configuration of the WRIM-RPEC system as well as the
operational principle. Differences between two configurations with different
rotor and converter connections are explained. Furthermore, the experimental
setup and Simulink model are given.

Chapter 3 gives two steady-state models. The first can be used for the analysis
of the operating torque and speed range of the WRIM-RPEC. The second
can be used to find the operating speed for known torque and power factor
including unity power factor. Variable and unity power factor operations are
studied.

Chapter 4 gives the dynamic mathematic model of the WRIM-RPEC with back-
to-back converter fed open-ended rotor windings. The simulated and experi-
mental results are compared and discussed. Moreover, the harmonic spectra
of the stator and rotor currents are analyzed.

Chapter 5 discusses the efficiency and power factor improvement when the WRIM-
RPEC is used to drive a pump. A standard 12-pole squirrel-cage induction
machine is redesigned from cage-rotor to a wound-rotor to explore the possi-
bility for efficiency and power factor improvement.

Chapter 6 summarizes the thesis and gives some suggestions on future work.

1.4 List of Appended Publications

Publication III and Publication V are journal papers. In Publication I to
Publication V, 80% of contribution in the form of theoretical analysis, simula-
tions, measurements, major inferences and writing the papers are of the first au-
thor, whereas co-authors contributed with comments and feedback and helped in
answering the first author’s questions as well as in building the experimental setup.

I. Y. Yao, A. Cosic and C. Sadarangani, “Analysis of an Induction Machine
Using a Rotor Integrated Converter with a Floating Capacitor,” in 18th Inter-
national Conference on Electrical Machines and Systems (ICEMS), pp. 1851–
1857, 2015.

The first publication presents the analytical steady-state model which is used
to predict the operating range of the induction machine. The result shows that
the induction machine can operate at a wide torque and speed range instead
of working on the original torque-speed curve. In addition, the relationship
between capacitance and capacitor voltage is studied for the constant speed
and variable torque operation. It is shown that it is possible to choose a low
volume and high capacitance capacitor since the average DC-link voltage is
quite low.
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II. Y. Yao, A. Cosic and C. Sadarangani, “Investigation on the Dynamic Perfor-
mance of an Induction Machine Using a Novel Concept of a Rotating Converter
with a Floating Capacitor,” in Industrial Electronics Society, IECON 2015 -
41st Annual Conference of the IEEE, pp. 002944–002949, 2015.

The second publication presents the dynamic performance of the system through
simulation which is verified experimentally on a 1.8kW induction machine.
Good agreement between simulation and experimental results is achieved.
Constant speed operation is obtained by simply setting the fundamental fre-
quency of the converter. The stator power factor is effectively improved within
a wide range of load torque with the converter-fed rotor. Moreover, the har-
monic spectra of the stator and rotor currents are analysed.

III. Y. Yao, A. Cosic and C. Sadarangani, “Power Factor Improvement and
Dynamic Performance of an Induction Machine With a Novel Concept of
a Converter-Fed Rotor,” in Energy Conversion, IEEE Transactions on, pp.
769–775, 2016.

The third publication investigates an induction machine with the rotor wind-
ings open-ended and fed by a back-to-back converter with a floating capacitor.
Power factor and efficiency improvements of the induction motor are stud-
ied with different settings of phase-shift angle between the two converters.
Moreover, the dynamic performance of the induction machine is explored in
Matlab/Simulink and verified experimentally on a 1.8-kW induction machine
in the laboratory. The result shows good agreement between simulation and
experiment. Constant speed, variable load operation of the induction machine
is obtained by setting the frequency of the rotor voltage.

IV. Y. Yao and C. Sadarangani, “Optimum Operating Point of an Induction
Machine Using a Rotor Integrated Converter with a Floating Capacitor,” in
2016 IEEE 8th International Power Electronics and Motion Control Confer-
ence (IPEMC-ECCE Asia), 2016.

The fourth publication proposes an analytical method to find the operating
point at specific power factor and torque. This analytical model is verified by
the good agreement between calculation and experimental results. It is found
that when the considered machine topology is operated at rated torque and
unity power factor, the efficiency can be improved by 0.74% compared with
the standard induction machine with short-circuited rotor. Moreover, the ef-
fect of reducing the rotor resistance on efficiency improvement of the induction
machine at unity power factor is explored. A further efficiency improvement
of 2.36% can be achieved by decreasing the rotor resistance by 30%. Further-
more, optimum efficiency of the induction machine is studied when it drives
a pump and operates near the rated operation point. The result shows that
an optimum efficiency, which is 3.13% higher than the standard machine, can
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be obtained by operating the machine at a new operation point close to the
rated condition. Decreasing the rotor resistance by 30% will further increase
the optimum efficiency by 1.47%. The corresponding output power will also
increase with higher operation speed and load torque.

V. Y. Yao and C. Sadarangani, “Efficiency Improvement of a 12-Pole 17.5 kW
Induction Motor Using Converter-fed Wound Rotor,” Submitted to Energy
Conversion, IEEE Transactions on, Nov. 2016.

The fifth publication investigates an induction machine using the novel con-
cept of a converter-fed rotor. The stator is directly connected to the grid while
the rotor is fed by a converter with a floating capacitor over the dc-link. In
earlier work this topology has shown to be capable of improving the power
factor and efficiency of a 4-pole induction machine. This paper explores the
possibility to improve the power factor and efficiency of a 12-pole 17.5 kW
squirrel-cage induction machine by redesigning the cage rotor to a wound ro-
tor to enable connection of the rotor windings to the converter. A standard
12-pole squirrel-cage induction machine (SCIM) with an inherent low power
factor is studied. An analytical model to design the wound rotor induction
machine (WRIM) is then developed. The performance of the designed WRIM
using the analytical model is shown to agree with the results from the finite
element (FEM) simulations, thus verifying the correctness of the model. The
analytical model is then further used to design different WRIMs with different
dimensions and rotor slot numbers. Performances of these designed WRIMs
show good potential for power factor and efficiency improvement. Particu-
larly, an optimum efficiency improvement of 6.8%, compared with the original
SCIM, has been achieved.

1.5 Related Publications

• A. Cosic, Y. Yao, C. Sadarangani and N. U. R. Malik, “Construction of a
rotating power electronic converter for induction machine operation,” in Elec-
trical Machines and Systems (ICEMS), 2015 18th International Conference
on, pp. 507-511 2015.

This publication describes the construction of the rotating power electronic
converter. By mounting the power electronics on the rotor of an induction
machine, the rotor winding can be made easily accessible without the use of
slip-rings and brushes. This offers certain advantages regarding motor control.
However, it is evident that the rotating mass, communication with the con-
verter and maintaining the mechanical stability and reliability of the system
are challenges that must be overcome. This paper describes some solutions
that are partly investigated and some solutions that still need to be investi-
gated in more detail.



Chapter 2

Operational Principle of

WRIM-RPEC

This chapter presents the configuration and operational principle of the WRIM-
RPEC system. It is based on Publication I, Publication II and Publication

III.

2.1 Configuration

The WRIM-RPEC system using the back-to-back converter configuration is shown
in Figure 2.1. As can be seen, the stator is directly connected to the grid while the
open-ended rotor windings are fed by dual two-level three-phase converters. Each
terminal of the open-ended rotor windings is connected to a converter. These two
converters are connected in back-to-back configuration by sharing a floating dc-link
capacitor. There is no additional power source over the dc-link. The configuration
of the back-to-back converter is shown in Figure 2.2. The back-to-back converter
together with its controller can be integrated with the rotor or its shaft and rotate
with it. The control could be achieved via wireless communication. In this way, slip
rings and carbon brushes of the wound rotor induction machine can be removed
thereby reducing the cost from the frequent maintenance that is otherwise required.

Moreover, the back-to-back converter in Figure 2.1 can be replaced by a single
two-level three-phase converter. In this case, the rotor windings are Y-connected.
The configuration can be seen in Figure 2.3. The number of switching devices as
well as the anti-parallelled diodes is half of that in the back-to-back configuration.
The difference between these two configurations in terms of the operational principle
and performance will be explained in the following sections.

7
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Figure 2.1: WRIM-RPEC system using the back-to-back converter configuration.

Figure 2.2: Connection of the back-to-back converter to the rotor windings.
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Figure 2.3: WRIM-RPEC system using the single converter configuration.

2.2 Operational Principle

The operational principle can be explained using the equivalent circuit and the pha-
sor diagram. The equivalent circuit of the short-circuited rotor induction motor is
shown in Figure 2.4 while the corresponding phasor diagram is shown in Figure 2.5.
An additional voltage vector V̄

′

will be introduced to the rotor circuit when the
induction motor is fed by a RPEC, as can be seen in the equivalent circuit in Fig-
ure 2.6 and the phasor diagram in Figure 2.7. In this way the induction motor can
be magnetized from the rotor side. The converter introduced voltage V̄

′

influences
the WRIM-RPEC in two ways. Firstly, the fundamental frequency of V̄

′

will cor-
respond to the slip frequency. This means that the speed of the WRIM can be
controlled by setting the fundamental frequency of the converter. Secondly, the in-
troduction of V̄

′

will change the magnitude and phase angle of the rotor current Ī
′

r .
The stator current Īs will change accordingly since it is coupled with Ī

′

r. Therefore
the power factor of the induction motor will change [34].

Moreover, the converter introduced voltage V̄
′

and the rotor current Ī
′

r should
keep a lagging angle of 90◦ at steady state [35], see Figure 2.7, since the dc-link
of the converter is a floating capacitor without any power source. For transient
conditions the angle between V̄

′

and Ī
′

r may change to some other value, α, which
is other than 90◦, see Figure 2.8. The rotor current component Ī

′

r cos α will then
charge or discharge the capacitor until steady state is reached at α = 90◦.

Furthermore, the converter introduced voltage V̄
′

cannot force the voltage over
the rotor winding V̄

′

2 to lag the air-gap voltage V̄m. Assuming the case could happen,
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Figure 2.4: Equivalent circuit of the short-circuited rotor induction machine.

Figure 2.5: Phasor diagram of the short-circuited rotor induction machine.

Figure 2.6: Equivalent circuit of the induction machine with the converter-fed rotor.
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Figure 2.7: Phasor diagram of the induction machine with the converter-fed rotor.

Figure 2.8: Phasor diagram of the induction machine with converter-fed rotor for
the case when Ī

′

r is not perpendicular to V̄
′

.

the phasor diagram will become as that shown in Figure 2.9. In the phasor diagram,
the stator and rotor current are moved clockwise and the power factor is reduced.
However, the mentioned important lagging relationship of 90◦ between V̄

′

and Ī
′

r

can never be met in this case. Therefore the stator and rotor current can only be
moved in the anti-clockwise direction and the current will have lower magnitudes
for the same load. Consequently, the power factor of the WRIM-RPEC is always
improved compared with the WRIM without RPEC at the same load, as shown in
Figure 2.7.
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Figure 2.9: Phasor diagram of the induction machine with converter-fed rotor for
the case when V̄

′

2 lags V̄m.

2.3 Difference between Dual-Converter and

Single-Converter Configurations

As was mentioned earlier the rotor windings can either be open-ended and connected
to a back-to-back converter, see Figure 2.1, or be Y-connected and fed by a single
three-phase converter, see Figure 2.3. These two configurations can be considered to
be the same seen from the point of view of the introduced voltage V̄

′

. It means that
at the same operating torque and speed, the voltage V̄

′

will be the same regardless
if it is introduced by a back-to-back converter or a single three-phase converter.
However, the dc-link capacitor voltage will be different in these two configurations.

Particularly, the dc-link capacitor voltage in the single converter configuration
is

Vdc =

√
6|V̄ ′ |s(Nr/Ns)

m
(2.1)

where s is the slip, Nr and Ns are the number of turns per phase in the rotor and
stator, m is the modulation index. More details can be found in Publication I.

Figure 2.10 shows the condition when the phase-shift angle θps between the two
back-to-back connected converters is 180◦. The voltage vectors introduced by these
two converters are V̄

′

C1
and V̄

′

C2
respectively. Modulation indexs of both converters

are assumed to be the same in this thesis, therefore

V̄
′

C1
= −V̄

′

C2
= V̄

′

C (2.2)

The total voltage V̄
′

is the subtraction of V̄
′

C1
and V̄

′

C2
.

V̄
′

= V̄
′

C1 − V̄
′

C2 (2.3)
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Figure 2.10: Phasor diagram of the induction machine with back-to-back converter-
fed rotor when the phase-shift angle θps = 180◦.

It can be derived from (2.2) and (2.3) that

|V̄ ′

C | =
|V̄ ′ |

2
(2.4)

which can also be seen from Figure 2.10.
The dc-link capacitor voltage for the case of the back-to-back converter becomes

Vdc =

√
6|V̄ ′

C |s(Nr/Ns)

m
=

√
6 |V̄

′

|
2

s(Nr/Ns)

m
(2.5)

which is half of the value compared with that for single converter-fed WRIM in
(2.1).

Furthermore, if θps is an arbitrary angle, the phasor diagram becomes as that

shown in Figure 2.11. V̄
′

and V̄
′

C have the relationship of

|V̄ ′

C | =
|V̄ ′ |

2 sin
θps

2

(2.6)

In this case the dc-link capacitor voltage becomes

Vdc =

√
6 |V̄

′

|

2 sin
θps

2

s(Nr/Ns)

m
(2.7)

It can be concluded that the dc-link voltage of the back-to-back converter is
1

2 sin
θps

2

times that of the single converter configuration at the same operating speed

and torque. Furthermore, Vdc rises with decreasing θps at the same operating speed
and torque. Particularly, Vdc will become extremely large when θps is close to zero.
Moreover, unlike what is suggested in [34], changing the phase-shift angle θps does
not change the current while it does affect the dc-link voltage.



14 Chapter 2. Operational Principle of WRIM-RPEC

Figure 2.11: Phasor diagram of the induction machine with back-to-back converter-
fed rotor and an arbitrary phase-shift angle θps.

2.4 Experimental Setup

Figure 2.12: Experimental setup in the laboratory.

The experimental setup in the laboratory and its configuration are shown in
Figure 2.12 and Figure 2.13 for the back-to-back converter configuration. A 4-
pole, 1.8kW wound-rotor induction motor is loaded by a dc generator. Machine
specifications are shown in Table 2.1. Note that the stator windings of the WRIM
are open-ended while the rotor windings are Y-connected in the real machine. The
only possibility to apply the back-to-back converter is to connect it to the stator
while the Y-connected rotor windings are connected to the grid. Therefore the
WRIM is connected in inverted configuration in the experiment. However, the
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windings connected to the grid are denoted as stator while the ones connected to
the converter as rotor in order to align with the definition in the configuration.
The ‘stator’ (real rotor) of the induction machine is connected to the grid via a
three-phase variable transformer. The ‘rotor’ (real stator) is connected to a back-to-
back connected converter. The two converters receive PWM signals from a dSpace
control box. Moreover, the armature winding of the dc machine is connected to
a resistor bank to dissipate the energy. The field winding is connected to the
dc terminals of a three-phase rectifier fed by a second variable transformer. The
applied load torque can be controlled from the second transformer. The machine
speed is measured from a voltage signal of the dc generator which is proportional
to the speed.

Figure 2.13: Configuration of the system.

Table 2.1: Machine specifications (given in inverted configuration)

PN (kW) 1.8 nN (rpm) 1400
f1 (Hz) 50 P.F. 0.8

Usl−l (V) 180 Url−l(V) 380
Is (A) 10 Ir (A) 4.5
Rs(Ω) 0.8 Rr(Ω) 2.15
Xsl(Ω) 1.076 Xrl(Ω) 4.796
Ns/Nr 180/380 Xm(Ω) 14.8
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2.5 Simulink Model

The Simulink model of the WRIM-RPEC system with back-to-back converter con-
figuration is shown in Figure 2.14. It mainly consists of five parts, a WRIM, a
voltage source, a mechanical block for torque loading, a back-to-back converter and
a PWM generator sending two groups of three-phase switching signals. Note that
the model uses existing Simulink blocks.

Figure 2.14: Simulink Model of WRIM-RPEC system using the back-to-back con-
verter configuration.



Chapter 3

Steady-State Performance of

WRIM-RPEC

This chapter presents two analytical steady-state models of the WRIM-RPEC sys-
tem. Operating speed and torque range is studied using the first model while variable
power factor including unity power factor operation is investigated using the second
one. The work presented is based on Publication I and Publication IV.

3.1 Analytical Steady-State Model

Two analytical steady-state models are given in Publication I and Publication

IV respectively. They are used to derive the operating condition including all the
voltage and current vectors in the phasor diagram. These two models are slightly
different. The model in Publication I can be used to derive the operating condi-
tion for required torque and speed, while the required parameters of the model in
Publication IV are torque and power factor. Other variables including efficiency
can be further derived. More details of the analytical models can be found in the
corresponding publications.

Furthermore, the model in Publication I is used to investigate the operating
torque and speed range of the WRIM-RPEC system while the one in Publication

IV is used to investigate variable power factor operation, including unity power
factor operation. The results from the investigations are given in the following.

3.2 Operating Speed and Torque Range

As was presented in the previous chapter, V̄
′

and Ī
′

r have a lagging angle of 90◦

at steady state. At specific torque and speed, the converter contributed voltage V̄
′

overlaps with the tangent line of the circle with the radius defined by

|V̄ ′

Rrs| = |Ī ′

r|R
′

r/s (3.1)

17
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Figure 3.1: Phasor diagram for the allowable slip range.

see Figure 3.1. where the rotor current is

|Ī ′

r | =

√
sTeωs

3R′

r

(3.2)

which is derived from

Pcur = 3|Ī ′

r|2R
′

r = sPairgap = sTeωs (3.3)

Substituting (3.2) into (3.1) gives

|V̄ ′

Rrs| =

√
sTeωs

3R′

r

R
′

r/s =

√
TeωsR′

r

3s
(3.4)

At a specific load torque, |V̄ ′

Rrs| will increase with increasing speed, i.e. decreasing

slip, according to (3.4), while the rotor current |Ī ′

r | will decrease according to (3.2).
The converter introduced voltage expressed by

|V̄ ′ | = |Ī ′

r|X
′

rl +

√
|V̄m|2 − |V̄ ′

Rrs|2 (3.5)

will become approximately 0 when the slip is decreased to s1, see Figure 3.1.
|V̄ ′

Rrs| = |V̄m| at this slip while |Ī ′

r|X
′

rl is negligible due to the reduced rotor current.

As a consequence, speed control by setting the frequency of V̄
′

is lost. Therefore,
there is a minimum slip that makes sure the existence of V̄

′

. This is guaranteed if

|V̄ ′

Rrs| < |V̄m| (3.6)

assuming that |Ī ′

r |X
′

rl is negligible. Substituting (3.4) into (3.6) gives√
TeωsR′

r

3s
< |V̄m| (3.7)
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therefore

s >
R

′

rTeωs

3|V̄m|2
(3.8)

Consequently, the minimum slip is defined by

smin =
R

′

rTeωs

3|V̄m|2
(3.9)

On the other hand, the rotor current will rise with increasing slip according to
(3.2) for the same torque. If |I ′

rN | is set as the maximum allowed rotor current, the
corresponding maximum slip is obtained at s = s3 as seen in Figure 3.1. Thus the
maximum slip defined as s3 = smax is

smax =
3R

′

rI
′

rN

2

Teωs

(3.10)

according to (3.3). The detailed derivation can be found in Publication I.
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Figure 3.2: Torque and speed range of induction machine with and without rotor
connected converter, IM – induction machine, CON – converter, cal – calculated
value, exp – measured value.

The calculated and measured results regarding the operating torque and speed
range are depicted in Figure 3.2. The induction machine with short-circuited rotor
can only operate at points along the solid line without markers in the figure. The
speed will be dependent on the applied load torque in this case. When the WRIM-
RPEC topology is used, the induction machine can operate over a wider speed
range at the same torque. The maximum and minimum speed range over the load
torque from 0Nm to the rated torque (12.3Nm) is studied analytically and verified
experimentally. The calculated minimum speeds show good agreement with the
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measurements as can be seen in Figure 3.2 for values of speed below 1390rpm. The
calculated maximum speed curve almost overlaps with the original torque-speed
curve of the induction machine with short-circuited rotor. However, the measured
maximum speed is lower than the calculated values as can be seen in Figure 3.2 for
speeds above 1430rpm. This is because the dc-link capacitor voltage and thereby
|V̄ ′ | will decrease with increasing speed as was explained earlier. In addition, the dc-
link voltage has ripples with a certain amplitude. The dc-link voltage may become 0
if the peak value of the ripples is close to or even higher than the average value. Once
the transient dc-link voltage drops to 0 the system loses control over the converter
and WRIM starts to work as an induction motor with short-circuited rotor windings.
Therefore the measured maximum speeds are lower than the calculated values.

The shaded area in Figure 3.2 is the operating range for the 4-pole, 1.8kW
WRIM-RPEC between 1000rpm and 1500rpm. Particularly, the induction machine
will be able to operate at constant speed and variable torque up to the rated torque
within the speed range between 1390rpm and 1430rpm as shown in Figure 3.2.

3.3 Variable Power Factor Operation

As was mentioned earlier an analytical model in Publication IV was proposed to
find the operating point at specific torque and power factor, including unity power
factor. It is shown that for a given torque Te and power factor cos Φ, the stator
current can be obtained by solving the equation for power flow in the machine

Pin = Pcus + Pfes + Pairgap (3.11)

which can also be expressed as

3|V̄s||Īs| cos Φs = 3|Īs|2Rs + 3|V̄m|2/Rm + Teωs (3.12)

Furthermore, all the current and voltage vectors as well as the angles between
them in the phasor diagram, shown in Figure 3.3, can be derived. Consequently,
the efficiency of the machine can be calculated. Details of the derivation of the
model can be found in Publication IV.

Theoretically, the WRIM-RPEC system can operate at any power factor includ-
ing inductive, capacitive and unity power factor at the same torque. Specifically,
the speed at unity power factor and a certain torque is denoted as nU . In this
case the capacitive reactive power provided by the converter is balanced with the
inductive reactive power requirement of the induction machine. The power factor
will become capacitive if the speed is lower than nU since the converter introduced
voltage |V̄ ′ | will be higher to supply more capacitive reactive power. In contrast
if the speed rises the capacitive reactive power from the converter will become in-
sufficient to compensate the inductive reactive power requirement of the induction
machine, thus the power factor becomes inductive. The experimental results for
different power factors at the rated torque (12.3Nm) are shown in Figure 3.4. As
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Figure 3.3: Phasor diagram of the induction machine with a rotor connected con-
verter operating at unity power factor.

can be seen, the power factor is unity at the speed of 1388rpm and the rated torque.
The power factor is inductive when the speed rises to 1415rpm while it becomes
capacitive at 1300rpm.

Unity Power Factor Operation

The proposed model is mainly used to study unity power factor operation. It
is then verified experimentally in the laboratory on the 4-pole, 1.8kW induction
machine, see Table 2.1 for the motor specifications. The induction machine in the
laboratory is started from no-load. Then a load torque of 13Nm is gradually applied
by increasing the field current of the dc machine. The load torque is decreased to
3Nm with a step of 1Nm and the data is recorded at each point. The power
factors as a function of load torque from calculation and measurement are shown
in Figure 3.5. As can be seen, unity power factor can be achieved over a wide
range with good agreement between calculations and measurements. The torque
and speed relationship at unity power factor is shown in Figure 3.6. As can be seen
in both figures, the difference between the calculation and measurement becomes
larger for torque lower than 8Nm. This might be caused by the improper estimation
on temperature rise in calculations.

Efficiency Improvement at Unity Power Factor Operation

The efficiency of WRIM-RPEC at unity power factor operation is shown in Fig-
ure 3.7 with 100%, 85% and 70% of the original rotor resistance value. It can be
seen that the efficiency of the induction machine can be improved marginally by
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Figure 3.4: Stator voltage and current when the WRIM-RPEC operates at the
rated torque 12.3Nm, (a) unity power factor, n=1388rpm, (b) inductive power
factor, n=1415rpm, and (c) capacitive power factor, n=1300rpm.
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Figure 3.5: Calculated and measured power factor at unity power factor operation.

1200 1250 1300 1350 1400
2

4

6

8

10

12 IM+CON,EXP
IM+CON,CAL

Speed [rpm]

L
o
a
d

to
rq

u
e

[N
m

]

Figure 3.6: Torque and speed corresponding to the calculation and measurement
in Figure 3.5.

0.74% when it operates at unity power factor and rated torque with its original
rotor resistance (compare curve for Rr with point A in Figure 3.7). However, the
mechanical speed at unity power factor and rated torque is decreased from the rated
value of 1400rpm to 1387rpm, which means a reduction of output power (compare
curve for Rr with point A in Figure 3.8). If the rotor resistance is decreased, the
efficiency at unity power factor operation can be improved further. Particularly,
efficiency improvements of 1.9% and 3.1% can be achieved with rotor resistance
reduction of 15% and 30% at the rated torque. Moreover, the corresponding me-
chanical speed is also increased at the same torque, see Figure 3.8, which means a
higher power output capability.
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Chapter 4

Dynamic Performance of

WRIM-RPEC

This chapter presents the dynamic mathematic model of the WRIM-RPEC sys-
tem with back-to-back converter configuration. The model is implemented in Mat-
lab/Simulink. Dynamic performance of the system is studied using Matlab/Simulink
and furthermore verified by experimental results. The simulated results using the
mathematic model are compared with that using the existing blocks in Matlab/Simulink
in Publication III and Publication II.

4.1 Dynamic Model

This section presents the mathematical equations of the dynamic model of the
WRIM-RPEC with open-ended rotor windings fed by a back-to-back converter.
Since the rotor windings are open-ended, the relationship ira + irb + irc = 0 cannot
be guaranteed, which implies that the zero-sequence component of the rotor current
may exist [37, 38]. Therefore the dynamic model of the WRIM-RPEC is built in
the three-phase coordinate system.

For Phase A, the voltage equation of the stator winding can be expressed as:

usa = Rs · isa +
dψsa

dt
(4.1)

where usa and isa are the stator voltage and stator current in Phase A while Rs is
the stator resistance per phase. ψsa = ψsa,s + ψsa,r is the total flux linked with the
stator winding A, where ψsa,s and ψsa,r are the stator flux of Phase A induced by
the stator and rotor currents respectively.

The stator current generated flux ψsa,s can be expressed by the currents of the
stator windings as well as the mutual inductances between them.

ψsa,s = Lsaa · isa + Lsab · isb + Lsac · isc (4.2)

25
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The self and mutual inductances between the stator windings are⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Lsaa = Lsm + Lsl

Lsab = Lsm cos(
2π

3
) = −Lsm

2

Lsac = Lsm cos(
4π

3
) = −Lsm

2

(4.3)

where Lsl is the leakage inductance of the stator winding. Lsm is the maximum
value of the magnetizing inductance between distinct stator windings when they
are in phase.

Substituting (4.3) into (4.2) gives

ψsa,s = (Lsm + Lsl)isa + (−Lsm

2
)isb + (−Lsm

2
)isc

= (
3

2
Lsm + Lsl)isa − 1

2
Lsm(isa + isb + isc) (4.4)

Because the stator windings are Y-connected, the sum of the stator currents is
zero.

isa + isb + isc = 0 (4.5)

Equation (4.4) can be simplified to

ψsa,s = Lsisa (4.6)

where Ls = Lsl + 3

2
Lsm is the self-inductance of the stator winding per phase when

all the 3 phases are considered [39].
Similarly, the flux ψsa,r in stator Phase A generated by the rotor currents can

be expressed by

ψsa,r = Lsa,ra · ira + Lsa,rb · irb + Lsa,rc · irc (4.7)

The values of the mutual inductances depend on the rotor position.⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Lsa,ra = Lsr cos(θ)

Lsa,rb = Lsr cos(θ +
2π

3
)

Lsa,rc = Lsr cos(θ − 2π

3
)

(4.8)

where Lsr is the maximum value of the mutual inductance between a stator winding
and a rotor winding when their axes are in phase. θ is the electrical angle between
the stator and the rotor windings of the same phase.

Inserting (4.8) into (4.7) gives

ψsa,r = Lsr[ira cos(θ) + irb cos(θ +
2π

3
) + irc cos(θ − 2π

3
)] (4.9)
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The complete voltage equation of stator winding Phase A thus becomes:

usa = Rsisa + Ls

disa

dt
+ Lsr[

dira

dt
cos(θ)

+
dirb

dt
cos(θ +

2π

3
) +

dirc

dt
cos(θ − 2π

3
)]

−ωrLsr[ira sin(θ) + irb sin(θ +
2π

3
)

+irc sin(θ − 2π

3
)] (4.10)

In a similar manner, the rotor voltage can be derived.

ura = Rrira + [(Lrl + Lrm)
dira

dt
− 1

2
Lrm

dirb

dt

−1

2
Lrm

dirc

dt
] + Lsr[

disa

dt
cos(θ) +

disb

dt
cos(θ − 2π

3
)

+
disc

dt
cos(θ +

2π

3
)]− ωrLsr[isa sin(θ)

+isb sin(θ − 2π

3
) + isc sin(θ +

2π

3
)] (4.11)

where Rr is the rotor resistance per phase. Lrl is the leakage inductance of the rotor
winding per phase while Lrm is the maximum value of the magnetizing inductance
between two rotor windings when they are in phase.

By comparing (4.10) and (4.11), it can be noted that the stator and rotor voltage
equations are slightly different in form. The reason is that ira + irb + irc �= 0 due
to the open-end connection of the rotor windings and the simplification from (4.4)
to (4.6) is not feasible on the rotor side.

The electrical dynamics for the stator and rotor for the other two phases are
listed in the Appendix A.

Additionally, relationships between the rotor voltages and the capacitor voltage
can be expressed as: ⎧⎪⎨

⎪⎩
ura = −sign(ira) · kA · uC1

urb = −sign(irb) · kB · uC1

urc = −sign(irc) · kC · uC1

(4.12)

where

sign(x) =

⎧⎪⎨
⎪⎩

1, if x > 0

0, if x = 0

−1, if x < 0

(4.13)

kA, kB and kC are charging functions of the rotor currents to the dc-link capacitor
C1. The charging function of ira to the capacitor is given in Table 4.1. The
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polarities of currents and voltages for the rotor winding and capacitor are defined
by the arrows and ‘+’ ‘−’ signs in Figure. 4.1. It can be seen that when the switching
signals {SA1, SA2, SA3, SA4} = {0, 1, 1, 0} and ira > 0, the current will flow through
DA3 and DA2 even though the switching signals to A2 and A3 are ‘1’. In this case,
the capacitor is charged and ura = −uC1

. If ira < 0 under the same switching
signals, the current will flow through A2 and A3 to discharge the capacitor. If
{SA1, SA2, SA3, SA4} = {0, 1, 0, 1} and ira > 0, ira will circulate through A4, DA2
and the rotor winding A, thus kA = 0 and ura = 0.

Table 4.1: Charging function kA for possible switching states and rotor current

SA1, SA2, SA3, SA4 ira ura/uC1
kA

0, 0, 0, 0
> 0 -1 +1
< 0 +1 +1

0, 0, 0, 1
> 0 0 0
< 0 +1 +1

0, 0, 1, 0
> 0 -1 +1
< 0 0 0

0, 1, 0, 0
> 0 -1 +1
< 0 0 0

0, 1, 0, 1
> 0 0 0
< 0 0 0

0, 1, 1, 0
> 0 -1 +1
< 0 -1 -1

1, 0, 0, 0
> 0 0 0
< 0 +1 +1

1, 0, 0, 1
> 0 +1 -1
< 0 +1 +1

1, 0, 1, 0
> 0 0 0
< 0 0 0

Figure 4.1: Current path if {SA1, SA2, SA3, SA4} = {0, 1, 1, 0} and ira > 0.

The dc-link capacitor voltage can be expressed by the rotor currents with the
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charging functions.

Vdc = uC1
=

1

C1

∫
iC1

dt =
1

C1

∫
(kA|ira|+ kB|irb|+ kC |irc|)dt (4.14)

The rotor speed is simply controlled by controlling the fundamental frequency
of the switching signals, i.e. the rotor voltage frequency f2.

The mechanical dynamic of the system is given by:

Te − TLoad = J
dωr

dt
+ Bωr (4.15)

where J is the total moment of inertia of the induction machine system while B
is a constant which determines the magnitude of the friction torque. TLoad is the
load torque.

The generated electromagnetic torque Te is obtained using the stator and rotor
currents as shown below:

Te = −npLsr[(isaira + isbirb + iscirc) sin θ

+(isairb + isbirc + iscira) sin(θ +
2π

3
) (4.16)

+(isairc + isbira + iscirb) sin(θ − 2π

3
)]

where np is the number of pole pairs. The dynamic model for WRIM-RPEC
with single-converter-fed Y-connected rotor is similar to that of the back-to-back
converter-fed configuration with some differences in the charging functions of kA,
kB and kC which will not be given in details in the thesis.

4.2 Dynamic Performance

The developed dynamic mathematic model is used to study the dynamic perfor-
mance of the WRIM-RPEC system. The simulation results are shown in Figure 4.2.
The supply voltage is ramped from t = 0s to t = 6s at no load with θps = 60◦. The
dc-link capacitor voltage is oscillating during the acceleration and the maximum
value is approximately 55V. The machine accelerates to the no-load speed within 3s
and keeps constant without following the reference speed, red line in Figure 4.2(a).
This is because the capacitor voltage during startup is unstable and unable to make
the converter provide a sufficient voltage at frequency of 3.33Hz to the rotor wind-
ings. Thus the rotor speed is kept close to synchronous speed instead of being set
to the required value 1400rpm (corresponding to the frequency of 3.33Hz) before
any load is applied. The starting currents in the rotor and stator gradually rise
to their maximum values, 15A(peak) and 30A(peak) respectively. When the speed
becomes stable, the capacitor voltage declines to around zero. Meanwhile, the ro-
tor current reduces to around 0.25A(RMS) to overcome the friction. The stator
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Figure 4.2: Simulation results for the dynamic performance of the system: (a)
Speed; (b) Capacitor voltage; (c) Rotor current of Phase A; (d) Stator current of
Phase A.

current decreases to around 3.5A(RMS) when the rotor reaches the no-load speed
but gradually rises to 6.7A(RMS) as the full voltage is applied.

At t = 9s, the load torque is ramped up from 0 to the rated torque within
5s. During this period the rotor current increases and charges the capacitor. At
t = 10.7s the capacitor voltage is increased to its peak of 57V and then stabilizes to
32V after t = 14s. As θps is set to 60◦, the converter supplies a voltage to the rotor
windings. The speed is thus synchronized to 1400rpm at around t = 10.7s before
full load is applied. The fundamental frequency of rotor voltage is set to 3.33Hz
which corresponds to the speed 1400rpm. Meanwhile, the stator current rises but
it has a dip at around t = 11s before it gets stable. The dip can also be seen in the
measurements at around t = 38s in Figure 4.3(d).
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Figure 4.3: Experimental results for the dynamic performance of the system: (a)
Speed; (b) Capacitor voltage; (c) Rotor current of Phase A; (d) Stator current of
Phase A.

At t = 17s, θps is ramped from 60◦ to 180◦ in 5s. The capacitor discharges to
16V while the speed is kept constant. This can be seen in both the simulations and
measurements. The stator current at rated load is 6.7A(RMS) in the simulation,
which is only 67% of the rated value (10A) since the machine is operating at a
power factor close to unity.

In general the experimental results in Figure 4.3 show the same trend as the
simulation results. There are however some differences. Particularly, the simulated
and measured capacitor voltages at steady state are different. One reason for this
could be that the voltage drop in the supply is not taken into account in the
simulation. Moreover, there is an increase in the measured stator current when the
phase-shift angle θps ramps from 60◦ to 180◦ between t = 70s and t = 75s, as can be



32 Chapter 4. Dynamic Performance of WRIM-RPEC

seen in Figure 4.3(d). The increase in the simulated stator current corresponding
to this period is much less compared with the measurement, which thus cannot be
observed in Figure 4.2(d). This is because the measured current is relatively higher
than the simulated value which makes the difference more obvious. Furthermore,
the difference in amplitudes between simulated and measured currents could be
because saturation in the machine and voltage drop in the supply are not considered
in the simulation. In addition, longer time scale is used in the experiment since the
ramps of the supply voltage and load torque are obtained by manually controlling
the transformer output. The measurements therefore cannot be performed within
25s. Most importantly, it can be seen that both simulation and measurement results
share the same trend which validates the concept and the dynamic performance.

Discussions

Simulation studies on dynamic performance of the WRIM-RPEC with back-to-back
converter configuration are conducted using the mathematical model developed in
this chapter. It has been verified by good agreement with experimental results.
Furthermore, the simulation model is built using the existing Simulink blocks, see
Figure 2.14. The simulation results are shown in Publication III, which share
similar trends compared with the results obtained using the mathematical model.
Moreover, studies on dynamic performance are carried out for WRIM-RPEC with
single converter configuration as shown in Publication II. All of the simulation
results on dynamic behavior show similar trends with some reasonable differences
on the amplitudes.

4.3 Harmonic Spectra of the Currents

In this section, harmonic analysis for the stator and rotor currents of the WRIM-
RPEC system with back-to-back converter configuration is conducted through sim-
ulation using the model presented in Figure 2.14. It is then compared with the
measured results.

Fast Fourier transform (FFT) analysis is performed for the simulated and mea-
sured stator and rotor currents when the induction machine runs at rated load,
12.3Nm. The bandwidth of interest is 0−700Hz for the stator current and 0−100Hz
for the rotor current. The magnitude of different harmonic component is defined
by

Mag(Ih) = 20 log10(
Ih

I1

) (4.17)

where all the harmonics Ih are referred to the fundamental component I1. This
can be observed in Figure 4.4 to Figure 4.7 where all the fundamental components
correspond to 0dB while the harmonic components have negative values.
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Figure 4.4: Harmonic spectra of the simulated currents: (a) stator current; (b)
rotor current. The rotor windings of the induction machine are short-circuited.
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Figure 4.5: Harmonic spectra of the measured currents: (a) stator current; (b) rotor
current. The rotor windings of the induction machine are short-circuited.



34 Chapter 4. Dynamic Performance of WRIM-RPEC

Simulated and measured current spectra for the conventional induction machine
with short-circuited rotor windings are shown in Figure 4.4 and Figure 4.5. The in-
duction machine is modelled as ideal in Matlab/Simulink. Hence the currents only
contain the fundamental components, 50Hz for the stator current and 2.147Hz for
the rotor current when the machine runs at 1435.6rpm and 12.3Nm, as seen in Fig-
ure 4.4. The measured stator current is rich in harmonics as shown in Figure 4.5(a).
It mainly contains some multiples of fundamental frequency introduced from the
power network, for instance 150Hz, 200Hz, 250Hz, 350Hz, 550Hz and 650Hz. In
addition, there are also some slip dependent subharmonics defined by

fis = |i± 6k(1− s)|f1 (4.18)

where i = 1, 2, 3... is harmonic order of the supply voltage and k = 0, 1, 2, 3... relates
to the air-gap field pole numbers [40] while s is the slip of the induction machine.
Harmonic of these frequencies are caused by the interaction between stator and
rotor driven air-gap fields. When i = 1 and k = 1 the harmonics are 237Hz and
337Hz respectively, as shown in Figure 4.5(a).

Harmonic spectra of stator and rotor currents when the rotor is fed by a back-
to-back converter are shown in Figure 4.6 and Figure 4.7 for simulation and mea-
surement respectively. The induction machine operates at 1400rpm and 12.3Nm
in both cases. It can be seen in Figure 4.6 that a lot of harmonics will be intro-
duced by the rotor connected converter compared with Figure 4.4. Particularly,
the dominant components in the rotor current are odd orders (3rd, 5th and 7th) of
the fundamental frequency, which is 3.33Hz corresponding to the speed of 1400rpm,
as seen in Figure 4.6(b). It should be noted that the rotor current contains some
triple order harmonics, for instance 10Hz and 30Hz, due to the open-end connection
of the rotor windings [41]. The harmonic spectrum of the measured rotor current
shown in Figure 4.7(b) is similar to the simulated result in Figure 4.6(b). However,
the 3rd harmonic in the measured rotor current is much higher than the simulated
result. This might be caused by saturation and unsymmetry in the real induction
machine.

Meanwhile, as can be seen in Figure 4.6(a), the harmonics introduced in the
simulated stator current are mainly distributed at frequencies defined by

fB2B = f1(1 ± 6ks). (4.19)

The 6ksf1 harmonics are caused by the charging process of the dc-link capacitor,
which is explained at the end of this section. The measured stator current harmonics
defined by (4.19) are mainly at 30Hz and 70Hz with k = 1, introduced by the rotor
connected converter. This can be seen in both simulation results, Figure 4.6(a) and
measurement, Figure 4.7(a). The measured stator current also includes components
defined by (4.18), 230Hz and 330Hz, and some supply introduced harmonics at
150Hz, 250Hz, 350Hz etc, as can be seen in Figure 4.7(a).

The rotor voltage and current for one fundamental cycle are illustrated in Fig-
ure 4.8. It can be seen from Figure 4.8(a) and Figure 4.8(b) that the fundamental
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Figure 4.6: Harmonic spectra of the simulated currents: (a) stator current; (b)
rotor current. The rotor of the induction machine is connected to a converter.
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Figure 4.7: Harmonic spectra of the measured currents: (a) stator current; (b) rotor
current. The rotor of the induction machine is connected to a converter.
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frequency of the rotor voltage ura and current ira in Phase A is 3.33Hz. This is
expected since the machine is running at 1400rpm. These two signals have a phase
shift of approximately 90◦ since the dc-link contains a capacitor. The capacitor is
charged when the rotor current and rotor voltage of a particular phase have oppo-
site polarities. Conversely, the capacitor is discharged if the rotor current and the
rotor voltage have the same polarity. The resulting charging function kA will have
a frequency that is twice of 3.3Hz, i.e. 6.6Hz. By adding up the effect of all the
three phases, the frequency of the resulting capacitor current will be 20Hz, which
is 3 times that of kA, i.e. 6 times the rotor voltage frequency. These harmonics can
be seen in the dc-link voltage, as shown in Figure 4.9 where both simulated and
measured results are given. These 20Hz harmonics will appear in the rotor voltage,
see Figure 4.8(a), thereby also in the flux at the corresponding frequency. The flux
will induce 50± 20Hz harmonics in the stator current.
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Figure 4.8: Simulated rotor signals for one fundamental cycle: (a) voltage; (b)
current.
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Figure 4.9: Capacitor voltage at steady state when the induction machine operates
at 1400rpm and 12.3Nm: (a) simulation; (b) measurement.

The harmonics related to the frequency 6sf1, 20Hz in this thesis, are inevitable
in the presented topology since they are caused by the charging of the dc-link capac-
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itor. It should be possible to reduce these harmonics by using a high capacitance.
The scope of this thesis is only to analyze the current harmonic distribution in the
presented novel topology. The method to suppress or eliminate the low frequency
harmonics, for instance 30Hz and 70Hz in the stator and zero-sequence component
(3rd) in the rotor, will need further study.

Discussions

The harmonic analysis is also conducted for the WRIM-RPEC system with the sin-
gle converter configuration. The results for simulation and measurement are shown
in Publication II. The harmonic spectra of stator and rotor currents are similar to
that in the back-to-back converter configuration. However, the 3rd order harmonic
in the rotor current in back-to-back configuration is shown to be eliminated in the
single converter configuration due to the Y-connection of rotor windings. Details
of the results can be found in Publication II.





Chapter 5

Optimum Efficiency for Pump

Application

This chapter presents an investigation on efficiency and power factor improvement
of WRIM-RPEC when it is used to drive a pump. It is based on Publication I,
Publication IV and Publication V.

The main focus of the previous chapters has been on power factor improvement
of induction machine. Improved power factor, especially unity power factor opera-
tion is attractive for induction machine users. However, in order for a squirrel-cage
induction machine to achieve an improved power factor using a WRIM-RPEC sev-
eral changes have to be implemented. First of all, the squirrel-cage rotor has to
be changed to a wound rotor. Secondly, a converter has to be integrated with the
rotor thus requiring wireless communication. A sufficient increase in efficiency of
the motor will therefore be required to compensate for the increase in cost in the
manufacture of the WRIM-RPEC. This motivates a detailed investigation in the
possibility of improving efficiency in a WRIM-RPEC.

5.1 4-Pole Induction Machine

In Publication I, an analytical steady-state model was developed to derive the
power factor and efficiency of WRIM-RPEC at a certain speed and torque. If the
machine is used to drive a pump the relationship between torque and speed is
expressed as

TLoad = Bn2 (5.1)

The results of efficiency for the 4-pole 1.8kW induction machine from the analytical
model are shown in Figure. 5.1. It shows that the machine efficiency can be im-
proved effectively from 76.8% for the short-circuited rotor (point A in Figure 5.1)
to 78.6% for WRIM-RPEC at the rated speed (1400rpm) and torque (12.3Nm),

39
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see Figure 5.1. The efficiency rises with the operating speed and torque until an
optimum efficiency of 79.93% is reached at the speed of 1426rpm, see Figure 5.1.
This means that the output capability of the machine is increased by using WRIM-
RPEC topology. Furthermore, as can be seen in Figure 5.1, decreasing the rotor
resistance will give a higher optimum efficiency. In addition, the corresponding
power factor in Figure 5.2 shows obvious improvement compared with that of the
short-circuited rotor machine, indicated by point A in the figure. More details can
be found in Publication IV.
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Figure 5.1: Calculated efficiency of WRIM-RPEC with different rotor resistances
when it drives a pump. Point A is the efficiency of the induction machine with
short-circuited rotor at rated torque (12.3Nm) and rated speed (1400rpm).
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Figure 5.2: Calculated power factor of WRIM-RPEC with different rotor resistances
when it drives a pump. Point A is the power factor of the induction machine with
short-circuited rotor at rated torque (12.3Nm) and rated speed (1400rpm).
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5.2 12-Pole Induction Machine

From the above analysis for the 4-pole induction machine using RPEC and driving
a pump, it can be seen that decreasing the rotor resistance is an effective way to im-
prove the efficiency. However, it is generally difficult to reduce the rotor resistance
in a 4-pole induction machine. This is because the magnetic path of the machine is
usually highly saturated. This leads to space constraints that makes it difficult to
reduce the rotor resistance. In contrast, the stator and rotor backs of an induction
motor with high pole numbers are usually poorly utilized magnetically, thus offer-
ing the possibility of increasing the slot areas without significantly saturating the
magnetic circuit. The decrease in rotor resistance which can thereby be achieved
is of great advantage for the present topology which motive further investigation.
Details of the investigation can be found in Publication V.

Squirrel-Cage Induction Machine

An existing 12-pole, 17.5kW squirrel-cage induction machine (SCIM), denoted as
SCIM0 in the following, having an inherent low power factor of 0.564 as seen from
the specifications in Table 5.1, is used for the investigation. The low power factor
is expected since the power factor usually drops with increasing pole numbers of
induction machines. It will be a big advantage if the power factor of an induction
machine with high pole numbers can be improved. This was the initial purpose to
convert the SCIM0 to a WRIM-RPEC.

Table 5.1: Electrical specifications of SCIM0

PN (kW) nN (rpm) f1 (Hz) Usl−l (V) P.F. η(%)
17.5 488 50 500 0.564 84.6

Table 5.2: Dimension specifications of SCIM0

Outer diameter of stator DY = 361mm
Inner diameter of stator D = 260mm
Length of the machine L = 290mm

Air-gap length δ = 0.6mm
Diameter of shaft Dri = 75mm

Number of pole pairs np = 6
Number of stator slot Qs = 72

Stator slot number per pole per phase qs = 2
Number of rotor slot Qr = 48

Number of conductors per stator slot Ns1 = 17

First, the performance of SCIM0 is studied analytically and verified by FEM
simulations using JMAG Designer. The 2-D FEM model of SCIM0 is shown in



42 Chapter 5. Optimum Efficiency for Pump Application

Figure 5.3. The rotor of SCIM0 is skewed by one rotor slot to eliminate the slot
harmonics. The effect of skew is not easily taken into account in the 2-D FEM
software JMAG. Therefore, both cases with and without skew are studied in the
analytical calculations. The torque at rated speed of 488rpm calculated by the man-
ufacture’s software (denoted as SCIM0, skew in Table 5.3), by the two analytically
designed SCIMs with and without skew together with value calculated using FEM
are shown in Table 5.3.

Figure 5.3: SCIM0 model in JMAG Designer.

The comparison of the torque between SCIM0, skew and the analytical design
shows a difference of 2.71%. The non-skewed SCIMs from analytical design and
FEM have a difference of 2.47%. It should be noted that the parameters of SCIM0,
skew are calibrated to measurements in the manufacture’s software. Therefore, the
analytical and FEM results can be regarded as acceptable and close to measure-
ments.

Table 5.3: Comparison of torque in Nm between analytical design and FEM at
488rpm.

SCIM0, skew Analytical, skew Error (%)
342.8 333.5 2.71

Analytical, no skew FEM, no skew Error (%)
343.9 335.4 2.47

Furthermore, different speeds, including 480rpm and 492rpm, are simulated in
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FEM. The simulated results are compared with the analytical calculation for the
non-skewed SCIM. The comparison is shown in Table 5.4. It can be seen that
the differences between the analytical calculations and FEM simulations are below
2.5%.

Table 5.4: Comparison of torque between analytically designed non-skewed SCIM
and FEM at different speeds

n (rpm) TAna (Nm) TF EM (Nm) Error(%)
480 487 475.1 2.44
488 343.9 335.4 2.47
492 244.5 240.4 1.68

Wound Rotor Induction Machine

The squirrel-cage rotor has to be replaced by a wound rotor in order to enable
connection of the converter to the rotor windings. An analytical model is developed
in Publication V to design the wound-rotor induction machine. The obtained
equivalent circuit parameters are shown in Table 5.5. The rated operating point
of the analytically designed WRIM with short-circuited rotor windings is selected
at the speed of 487rpm and the torque of 336.7Nm, with the corresponding stator
current of 40A. This point is close to the rated operation point of SCIM0.

Table 5.5: Equivalent circuit parameters of WRIM. [Ω]

Rs Xsl Xm Rm R
′

r X
′

rl
0.3656 0.9627 9.6169 611.6 0.2574 2.5496

The analytically designed WRIM is further modelled in JMAG Designer, as
shown in Figure 5.4. The performance of the WRIM with short-circuited rotor, cal-
culated using the analytical model and FEM are compared at three speeds including
the rated value, as seen in Table 5.6. It can be found that the differences between
the analytical design and FEM are 3.5% or below. This verifies the analytical model
for the WRIM design.

Table 5.6: Comparison of torque between analytical design and FEM at different
speeds.

n (rpm) TAna (Nm) TF EM (Nm) Error (%)
480 443.3 458.8 -3.5
487 336.7 334.5 0.65
490 274 267.9 2.2
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Figure 5.4: Wound rotor induction motor model in JMAG Designer.

The verified analytical model is further used to design 5 more WRIMs with
different air-gap diameters and rotor slot numbers. The obtained equivalent circuit
parameters and the maximum magnetic flux density in the rotor teeth Btrm and
stator back Brsm are shown in Table 5.7. The maximum flux density in the stator
teeth Btsm is lower than Btrm and the maximum flux density in the rotor back
Brrm is lower than Brsm. Btsm and Brrm are therefore not given in the table.
It should be noted that the previously designed wound rotor induction machine,
denoted as WRIM1, is also listed here for easy comparison. As can be seen, Brsm

rises with the increasing air-gap diameter D since the stator back becomes thinner.
However, the value still does not reach saturation.

Table 5.7: Equivalent circuit parameters of 6 WRIMs.

WRIM1 WRIM2 WRIM3 WRIM4 WRIM5 WRIM6
D(mm) 260 250 275 285 290 260

Qr 48 48 48 48 48 54
Rs(Ω) 0.3656 0.3639 0.3707 0.3739 0.333 0.3656
Xsl(Ω) 0.9627 1.0693 1.0229 1.0531 0.8124 0.9563
Xm(Ω) 9.6169 9.6815 12.4974 12.1946 9.8211 10.0667

R
′

r(Ω) 0.2574 0.2746 0.2374 0.1945 0.1703 0.2577

X
′

rl
(Ω) 2.5496 2.8635 2.8108 2.8404 2.3742 2.3176

Btrm(T ) 1.89 1.92 1.80 1.85 1.85 1.84
Brsm(T ) 0.76 0.58 0.89 1.22 1.36 0.76

Furthermore, the performances with regard to efficiency and power factor of
the 6 WRIMs with RPEC when they are used to drive a pump load are analyzed.
The results are shown in Figure 5.5 and Figure 5.6 respectively. For comparison
it should be noted that the power factor and efficiency of the original SCIM0 are
0.564 and 84.6% respectively. It can be seen that for WRIM1 with D = 260mm
and Qr = 48, the same as SCIM0, the power factor and efficiency can be effectively
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improved when the machine is connected to a converter and used to drive a pump.
Particularly, an optimum efficiency of 90%, which is 5.4% higher than that for the
original SCIM0, appears at the speed of 480rpm. The corresponding power factor
is 0.815, seen in Figure 5.6, which is an improvement of 0.251 from 0.564 for SCIM0.
Keeping the same stator and air-gap diameter, WRIM6 with 54 rotor slots gives
slightly higher efficiency and power factor as shown in Figure 5.5 and Figure 5.6.
Moreover, if the air-gap diameter is increased by 15mm, 25mm and 30mm with 48
rotor slots, the efficiency and power factor can be improved further as shown in
Figure 5.5 and Figure 5.6. Specifically, WRIM4 with D = 285mm gives the best
power factor. However, the efficiency of WRIM5 with D = 290mm is slightly higher.
The optimum value is 91.4% at the speed of 485rpm. This is 6.8% higher than the
original SCIM0. The corresponding power factor is 0.8584. If the air-gap diameter
D is decreased while keeping the same rotor slot number Qr = 48, i.e. WRIM2,
power factor and efficiency are both reduced due to the increase in rotor losses.
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Figure 5.5: Efficiency versus speed for the designed WRIMs.
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Chapter 6

Conclusions

This chapter summarizes the project work in this thesis and suggests some future
work.

6.1 Summary

In this thesis, a novel concept of induction machine using a rotating power electronic
converter is investigated. Two analytical steady-state models of the topology are
derived from different point of views. One of the model can be used to analyze
the operating condition at specific speed and torque. Particularly, the operating
range of speed and torque are studied. The results show that the WRIM using a
rotor connected converter can operate over a wide torque and speed range instead of
along the torque-speed characteristics of the standard induction machine with short-
circuited rotor. Within a certain speed range the WRIM-RPEC is able to operate at
constant speed with variable torque up to the rated torque, where the speed range
depends on the machine parameters. The second model is used to analyze variable
power factor operation, including unity power factor operation. The results from
analytical calculation and measurement show that the rotor connected converter
enables the magnetization from the rotor side. The converter can provide different
amount of capacitive reactive power to the induction machine by adjusting the
speed at certain load torque. Thus, the machine can operate either at inductive,
capacitive or unity power factor.

The dynamic mathematic model is developed for WRIM-RPEC system with
back-to-back converter configuration. The model is used to study the dynamic
performance of the system including starting, loading and phase-shifting. The sim-
ulation results are compared with the measurements on a 4-pole, 1.8kW induction
machine with good agreement. Moreover, the simulation model using the existing
Simulink blocks is studied with similar results compared with that obtained from the
mathematic model. Furthermore, the dynamic performance of the WRIM-RPEC
system with single converter configuration shows similar results with reasonable
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differences. In addition, harmonic spectra analysis on the stator and rotor currents
show that the stator current contains some harmonics, the frequencies of which
depend on the rotor speed. The rotor current has 3rd order component in the back-
to-back configuration while it is eliminated in the single converter configuration by
Y-connecting the rotor windings.

Not only the power factor but also the efficiency can be improved using the
presented concept. The study on the 4-pole, 1.8kW induction machine at unity
power factor operation shows marginal efficiency improvement with the original
rotor resistance. Higher efficiency can be achieved when the induction machine is
used to drive a pump and to operate at a speed and torque that varies slightly from
the rated condition. Decreasing the rotor resistance is an option to further increase
the efficiency, which however is rather difficult in 4-pole induction machines. A
study is thus carried out on a standard 12-pole squirrel-cage induction machine
with inherent low power factor. The cage rotor is redesigned to a wound rotor to
enable the connection of converter to the rotor windings. The analytical model
to design the wound rotor induction machine is confirmed by good agreement of
machine performance between calculations and FEM simulations. The analytical
model is further used to design more WRIMs with different dimensions and rotor
slot numbers. These WRIMs are used for power factor and efficiency improvement
analysis. A promising efficiency increase of 6.8% is shown to be achievable. This
is an attractive solution and necessary to compensate for the cost increase due to
the change from cage rotor to wound rotor as well as the construction of the RPEC
requiring wireless communication.

6.2 Suggested Future Work

The research work presented in this thesis has shown that the novel WRIM-RPEC
topolgy is capable of improving the power factor and efficiency of the machine.
However, all of the experiments in the thesis are conducted on a setup with a
standstill converter. A rotating power electronic converter needs further study
with regard to its design and implementation. One of the challenges is to design
a rotating converter that should withstand the high centrifugal force depending on
the speed of the machine. Moreover, reliability of wireless communication should
be another issue for investigation since it has a key impact on the whole system.

One of the initial goals to use the rotor connected converter was to reduce the
harmonics introduced from the stator connected converter. However, the harmon-
ics of low frequency around the grid frequency still appear in the stator current
unexpectedly. The frequency of the harmonics are related to the slip frequency,
i.e. the rotor speed. Origins and method for elimination or suppression of these
harmonics require further study.

Moreover, an attractive efficiency improvement of 6.8% has been achieved in the
12-pole, 17.5 kW induction machine. It would be of great interest to manufacture
a prototype based on one of the WRIM designs from Chapter V. Experimental
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validation would further strengthen the findings from this thesis. Furthermore, it
will be interesting to implement the concept on a large induction machine where
the price of replacing the cage rotor by a wound rotor with a rotating converter
is relatively low compared to the total price of the machine itself. In addition,
power factor correction, including unity power factor operation, using the rotor-fed
converter in an induction generator, especially for wind power applications, could
be another interesting topic for research.
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Appendix A

Electrical dynamics of the stator for Phase B and Phase C:
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Electrical dynamics of the rotor for Phase B and Phase C:
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Power Factor Improvement and Dynamic
Performance of an Induction Machine With a Novel

Concept of a Converter-Fed Rotor
Yanmei Yao, Student Member, IEEE, Alija Cosic, and Chandur Sadarangani

Abstract—This paper investigates an induction machine with
a novel concept of the rotor fed by a converter. The stator is Y-
connected and directly connected to the grid, while the rotor wind-
ings are open-ended and fed by a back-to-back converter with a
floating capacitor. Power factor and efficiency improvements of the
induction motor are studied with different settings of phase-shift
angle between the two converters. Moreover, the dynamic perfor-
mance of the induction machine is explored in MATLAB/Simulink
and verified experimentally on a 1.8-kW induction machine in the
laboratory. The result shows good agreement between simulation
and experiment. At a constant speed, variable load operation of
the induction machine is obtained by setting the frequency of the
rotor voltage.

Index Terms—Back-to-back converter, dynamic performance,
induction machine drives, open-end winding, unity power factor.

I. INTRODUCTION

THE INDUCTION machine is widely used in industry be-
cause of its reliability, robustness and cost effectiveness.

One inherent drawback of induction machines is that they draw
reactive power from the grid and the power factor can be poor.
Especially when the machine starts or operates with light loads,
power factor and efficiency are drastically reduced [1]. Power
factor improvement of induction machine is thus attractive and
has been pursued for decades.

The simplest way to compensate the reactive power is to
connect capacitor banks at the machine terminals. However, an
unsuitable selection of capacitance may result in overvoltage
due to self-excitation when the machine is disconnected from
the supply, which could damage the machine [1]–[4]. This ap-
proach is not flexible since different capacitances are needed
when the loading condition changes. A scheme of supplying
variable capacitance is proposed in [5], where the induction ma-
chine is directly connected to the grid while a three phase pulse
width modulation (PWM) converter with a floating capacitor
is connected at the induction machine terminals. However, the
improved power factor is realized only for the grid but not for
the induction machine itself. The losses in the machine are not
reduced thus the machine still suffers from poor power factor
and hence poor efficiency.
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In the 1980s, as an alternative to improve the mains power
factor, the stator windings of a cage-rotor induction machine
were rewound to achieve unity power factor [6], [7]. The stator
windings were divided into two groups with different number
of turns. The two sets of windings were electrically connected.
This attracted a lot of interest at that time [8]. Different con-
nections of two sets of identical stator windings are investigated
in [9]. The results from [6], [9] both show that the mechanical
output capability of the rewound induction machine is reduced
compared with the original machine.

With the development of power electronics, topologies us-
ing rectifiers and inverters become interesting. In one of these
topologies, a rectifier is connected to the grid and supplies a dc
voltage to the PWM inverter connected to the stator of induction
machine [10]–[12]. The power factor of the induction machine
can be improved by regulating the PWM inverter output voltage
to the stator windings. Furthermore, the rectifier can be replaced
by a converter which enables the bidirectional power flow be-
tween the grid and induction machine thereby increasing the
power factor [13], [14]. However, harmonics are introduced to
the power network because of the switching power devices. A
topology with a high frequency ac link between grid and ma-
chine side converters [15] and other filters [12] are investigated
to reduce the current harmonics.

Instead of directly connecting the capacitors to the machine or
the power network [1]–[4] to increase power factor and reduce
harmonics, an extra set of stator winding is introduced to supply
the required equivalent capacitance to the stator circuit. This is
referred to as the dual stator winding induction machine [16].
Two electrically isolated but magnetically coupled three-phase
windings are installed in the stator in the mentioned induction
machine. The two sets of windings can be designed to have the
same or dissimilar pole and phase numbers [17]–[20]. The main
winding is connected to the grid while the auxiliary winding
is connected to a three-phase PWM converter with a floating
capacitor. Power factor improvement can be obtained by intro-
ducing a proper capacitance to the induction machine through
the converter using a suitable modulation method. Alternatively,
the auxiliary stator winding can be avoided and the three-phase
converter is connected to the stator by accessing the Y-point
of the stator windings [21]–[24]. The converters in the above
mentioned topologies need to be dimensioned for rated voltage
to enable the machine to operate over the complete load range.

Furthermore, the induction machine can be excited from the
rotor side in the case of a wound rotor induction machine,
such as the doubly-fed induction machines (DFIM) [25], [26].

0885-8969 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Configuration of the system.

Especially, unity power factor can be obtained within 25% to
100% of the rated mechanical power in [26] with the help of
an external exciter sharing the back-to-back converter with the
rotor of the induction machine. This topology is capable of con-
trolling both active and reactive power, and consequently also
the power factor. However, power factor correction in DFIM
requires closed loop control where the exact position of the flux
vector is needed.

Another recent novel topology for power factor improvement
is proposed in [27], in which a back-to-back converter with
a floating capacitor is connected to the rotor windings. Power
factor improvement can be achieved by magnetizing the ma-
chine from the rotor side with the reactive power supplied by
the rotor-connected converter. It should be noted that, unlike
the DFIM, the topology in [27] can only deal with the reac-
tive power since the dc-link only contains a floating capacitor.
However, the power factor will be improved automatically in
this topology with open loop control. Specifically, the power
factor of the induction machine at certain speed and load can be
calculated with known machine parameters [28].

Studies on the topology proposed in [27] show that the stator
power factor can be improved over a wide range of load torque
[29]–[31]. In this paper, the impact of changing the phase-shift
angle between the two back-to-back connected converters on
power factor improvement is further studied. Efficiency im-
provement for the induction machine as well as the whole system
is also studied. Moreover, dynamic performance of the induc-
tion machine including starting, loading and load changing is
investigated through simulation and experiment.

II. SYSTEM CONFIGURATION AND PRINCIPLE OF OPERATION

In the presented topology, shown in Fig. 1, the stator windings
are Y-connected with the three phases directly connected to the

Fig. 2. Connection of the back-to-back converter to the rotor windings.

grid. Each of the three rotor phase windings are short-circuited
via a back-to-back converter, as shown in Fig. 2. Hence, it is
possible to magnetize the induction machine from the rotor side.
The converter is connected to the rotor windings through slip-
rings and controlled by a dSpace controller box. The switching
signals are divided into two groups, one for each converter.
Sinusoidal SPWM strategy is applied to the two voltage source
converters with the same switching frequency and modulation
index. The phase-shift angle, θps , between the two converters
can be varied from −180◦ to +180◦ [31]. A zero θps means
that the rotor windings are short-circuited. θps = ±180◦ means
that full voltage is supplied. The dc-link voltage of the converter
is not controlled but automatically balanced depending on the
speed and load of the induction machine.

The operating of the system can be realized in three steps.
Firstly, indicated by #1 in Fig. 1, the switching signals are
sent to the 12 power electronic valves, for instance IGBTs
in this paper, A1–A4, B1–B4 and C1–C4 shown in Fig. 2.
The fundamental frequency of the switching signals can be
expressed as

f2 =
ns − n∗r

ns
f1 (1)

where ns and n∗r are the synchronous and reference speed re-
spectively while f1 is the stator frequency. Secondly, indicated
by #2 in Fig. 1, the stator is connected to a three-phase voltage
supply and the machine is started at no load. The flux gener-
ated in the stator will induce ac currents in the rotor windings.
In the beginning, even though the switching signals are avail-
able, the valves cannot conduct since the dc-link voltage is zero.
These currents can only flow through the anti-paralleled diodes
thereby charging the capacitor. The level of capacitor voltage
will depend on the phase-shift angle θps between the two con-
verters. If θps = 0◦, the capacitor cannot discharge through the
IGBTs and its voltage will rise to a very high level. In contrast
if θps = 180◦, the capacitor voltage will be low which however
makes it difficult to magnetize the machine from the rotor side.
In this paper θps = 60◦ is used during the start of the machine.
In addition, the high starting rotor current will rapidly discharge
the capacitor during the acceleration of the induction machine.
Thus, the capacitor voltage cannot be maintained and the con-
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Fig. 3. Equivalent circuit of the induction machine: (a) without rotor-
connected converter; (b) with rotor-connected converter.

verter is unable to supply a voltage of constant frequency to the
rotor windings. As a result, the machine accelerates to the no
load speed instead of the reference speed n∗r . Once the machine
stabilizes to its no-load steady-state speed, load torque is ap-
plied, indicated by #3 in Fig. 1. The capacitor will be charged
to a certain voltage according to the applied load and then main-
tain stable. Thereafter the converter can provide a three-phase
voltage with slip frequency of f2 to the rotor windings. Conse-
quently the speed of the induction machine settles to n∗r . The
starting procedure described above is demonstrated in Section V
where the dynamic performance of the system is investigated.

Moreover, the power factor of the induction machine can be
improved in the presented topology, which will be illustrated in
the following. By comparing the equivalent circuits and phasor
diagrams of the induction machine without and with the rotor-
connected converter, shown in Figs. 3(a), 4(a) and 3(b), 4(b),
respectively, it can be seen that the converter contributes to a
voltage vector V̄

′
in the rotor circuit. Furthermore, the voltage

vector V̄
′

will change the magnitude and phase angle of the
rotor current vector Ī

′
r , as seen in Fig. 4(b). As the rotor and the

stator current vectors are related to each other, the phase angle of
the stator current vector Īs will be shifted accordingly [27]. At
steady state, the voltage vector V̄

′
should lag the rotor current Ī

′
r

by 90◦ since the dc-link is a capacitor, as is shown in Fig. 4(b). If
under transient conditions V̄

′
and Ī

′
r have an angle of α instead,

as shown in Fig. 4(c), the rotor current component Ī
′
r cosα will

charge or discharge the capacitor until it reaches steady state
conditions with V̄

′
lagging Ī

′
r by 90◦ [32]. Furthermore, the

voltage V̄
′
2 on the rotor winding cannot be changed lagging V̄m ,

as shown in Fig. 4(d). The phase angle relationship between
V̄

′
and Ī

′
r can never be satisfied in this case. The rotor current

Ī
′
r as well as the stator current Īs can only be moved in the

anti-clockwise direction, as shown in Fig. 4(b). It is therefore
impossible to realise the phasor diagram shown in Fig. 4(d)

Fig. 4. Phasor diagrams for motor operation: (a) for the conventional induction
machine; (b) for an induction machine with the rotor windings connected to a
converter; (c) for the case when Ī

′
r is not perpendicular to V̄

′
; (d) for the case

when V̄
′
2 in (b) is positioned incorrectly.

where the power factor is reduced. Consequently, the power
factor of the presented induction machine is always improved
as shown in Fig. 4(b).

This topology is applicable to all induction machines with
open-end rotor windings regardless of the power rating of the
machine. Constant speed variable load operation is possible
within a speed and load range that depends on the size, pole
number and cooling of the machine. It is also possible to run the
machine at low speed under light load conditions [28]. More-
over, this configuration has potential as a brushless topology if
the converter together with the controller can be integrated in
the rotor replacing the carbon brushes and slip-rings.

III. SIMULINK MODEL AND EXPERIMENTAL SETUP

The dynamic performance of the presented system is ex-
plored using MATLAB/Simulink and verified experimentally
in the laboratory on a 1.8 kW induction machine. The machine
specifications are given in Table. I. The Simulink model shown
in Fig. 5 mainly consists of a wound rotor induction machine, a
three-phase voltage source, a mechanical load source, two back-
to-back connected converters fed by a PWM generation block.
As can be seen in Fig. 5, a resistor is paralleled with the dc-link
capacitor. In reality this resistor is connected in the converter
for the reason of safety to protect the capacitor from unwanted
transients. It is also considered in simulation.
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TABLE I
MACHINE SPECIFICATIONS (GIVEN IN INVERTED CONFIGURATION)

PN (kW) 1.8 nN (r/min) 1400
f1 (Hz) 50 P.F. 0.8
U s l−l (V) 180 U r l−l (V) 380
Is (A) 10 Ir (A) 4.5
Rs (Ω) 0.8 Rr (Ω) 2.15
X s l (Ω) 1.076 X r l (Ω) 4.796
Ns /Nr 180/380 Xm (Ω) 14.8

Fig. 5. Simulink model.

Fig. 6. Experimental setup in the lab.

The experimental setup is shown in Fig. 6. It should be noted
that the machine in the experiment is connected in inverted con-
figuration, i.e., the rotor is connected to the grid while the sta-
tor is connected to the back-to-back converter. This is because
the stator windings of the induction machine are open-ended
while the rotor windings are Y-connected. However, the wind-
ings connected to the grid are still denoted as stator while the
ones connected to the converters as rotor in the following in
order to align with the concept. In the setup, the stator (real
rotor) of the induction machine is connected to the grid via a
variable transformer in order to avoid the high starting current
and torque. The rotor (real stator) windings are connected to a
back-to-back converter controlled by a dSpace controller box.
SPWM is applied to the two converters with the same switching
frequency of 2 kHz with a “dead time” of 4μs. The modulation
index for both converters is 0.9. The same modulation method is

Fig. 7. Power factor of induction machine with and without converter.

Fig. 8. Stator current of induction machine with and without converter.

Fig. 9. Efficiency of induction machine with and without converter.

also applied in the simulation. The induction machine is loaded
by a dc machine. The field winding of the dc machine is fed by a
three-phase rectifier which is supplied by another variable trans-
former. In addition, a resistor bank is connected to the armature
of the dc machine as a resistive load. The speed is measured
from a voltage signal proportional to the speed.

IV. POWER FACTOR VERSUS LOAD

Measurement of power factor is presented in this section. The
induction machine operating with the rotor-connected converter
runs at a constant speed of 1400 r/min while machine operating
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Fig. 10. Simulation results for the dynamic performance of the system: (a)
Speed; (b) Capacitor voltage; (c) Rotor current of Phase A; (d) Stator current of
Phase A.

without the converter follows its original torque-speed curve,
which implies that the speed changes with load. The torque-
speed relationship of the induction motor without converter can
be found in [28].

Fig. 7 shows the stator power factor as a function of the load
torque for the induction machine with and without converter
connected in the rotor. As can be seen, the stator power factor
increases with increasing load when the rotor windings are short-
circuited. Once the back-to-back converter is connected with a
non-zero phase-shift angle θps between the two converters, the
power factor is effectively improved. Moreover, changing θps
has no significant impact on improving the power factor. This
can be observed in Fig. 7 when θps is set to 60◦, 120◦ and 180◦,
respectively.

Furthermore, the required stator current will be reduced as
expected since the power factor is improved, as can be seen in
Fig. 8. Therefore the copper losses in the stator windings will

Fig. 11. Experimental results for the dynamic performance of the system: (a)
Speed; (b) Capacitor voltage; (c) Rotor current of Phase A; (d) Stator current of
Phase A.

be reduced thereby improving the efficiency of the machine, as
shown in Fig. 9. Measurements also showed another 2% increase
in efficiency when the losses in the grid are considered. These
losses do not include the losses in the transformer connected
between the grid and the motor. Including them would have
increased the efficiency even further.

V. DYNAMIC PERFORMANCE OF THE SYSTEM

Dynamic performance of the presented induction machine,
including starting, loading and load changing, are investigated
through simulation and experiment. The simulated and mea-
sured results including speed, capacitor voltage and currents in
the rotor and the stator are shown in Figs. 10 and 11, respectively.
The reference speed signals is set to 1400 r/min by controlling
the fundamental frequency of IGBTs at 3.3 Hz from t = 0 s. A
similar starting procedure is applied both in the simulation and
experiment.
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In the simulation results shown in Fig. 10 the supply voltage
is ramped from t = 0 s to t = 4 s at no load with θps = 60◦. The
dc-link capacitor voltage is oscillating during the acceleration
and the maximum value is 57V approximately. The machine
accelerates to the no-load speed within around 3 s and stabilizes
at the no-load speed without following the reference speed.
This is because, as explained in Section II, the capacitor voltage
during startup is unstable and the converter is therefore unable
to provide a sufficient voltage at the frequency of 3.33Hz to
the rotor windings. The starting currents in the rotor and stator
gradually rise to their maximum values, 16.5 and 34 A(peak),
respectively. Note that peak values are used in following if not
defined otherwise. When the speed becomes stable, the capacitor
voltage declines rapidly and oscillates between 0 and 5 V due
to the low no-load rotor current. The rotor current at no load
steady state is 0.5A to overcome the friction. The stator current
decreases to around 5A when the rotor reaches the no-load
speed but gradually rises to 9A as full voltage is applied.

At t = 10 s, the load torque is ramped up from 0 to the rated
value of 12.3 N ·m within 5 s. During this period the rotor current
increases and charges the capacitor. At t = 11.4 s the capacitor
voltage is increased to its peak value of 49 V and then stabilizes
to 25.7 V after t = 15 s. As θps = 60◦, the converter supplies
a voltage to the rotor windings. The frequency of the voltage is
set to 3.33 Hz thus the speed is synchronized to 1400 r/min at
around t = 12 s before full load is applied. Meanwhile, the stator
current rises at first but has a dip at around t = 11.5 s before
it gets stable. The dip can also be seen in the measurements at
around t = 13 s in Fig. 11(d).

At t = 22 s, θps is ramped from 60◦ to 180◦ in 3 s. The
capacitor voltage falls to 13.2 V and keeps oscillating with a
ripple of 8 V, while the speed is kept the same. This can be seen
in both the simulations and measurements. When the capacitor
voltage decreases, the stator current at rated load increases from
11 to 11.8 A which are 77% and 83% of the rated current. This
implies the stator power improvement of the induction machine.

At t = 31 s, the load torque is reduced gradually from the
rated value to 0. It can be seen that even though the rotor current
is decreased, Fig. 10(c), the capacitor voltage increases since
the voltage drop on the rotor winding is reduced with the re-
duced current. In addition, the stator current decreases but rises
again to 7.8 A after t = 34 s, Fig. 10(d). This no-load current is
lower than the current between the period 4–10 s, which is also
at no load. This is because the capacitor voltage after t = 34 s
is around 20 V and the induction machine is then magnetized
from the rotor side. Therefore the required stator current be-
comes less. Meanwhile it can be noted that the speed of the
induction machine is kept the same during the load torque de-
crease. This implies that the induction machine with the rotor
fed by a converter is capable to operate at constant speed and
variable load.

In general the experimental results in Fig. 11 show the same
trend as the simulation results. There are however some dif-
ferences. Particularly, the simulated and measured currents at
steady state are different. The main reason for this is that the
saturation of the machine is not considered in the simulation.
In addition, the measured speed signal has some noise. This is

because the speed signal is obtained from a voltage signal which
corresponds to 1% of the r/min speed of the machine. The speed
signal is thus very sensitive to disturbances. A speed sensor is
not used in this setup. The precision of the signal is therefore
rather poor. More importantly, it can be seen in Fig. 11(a) that
there is no obvious change in the speed after it settles to the
demanded value at t = 12 s approximately. It is shown that both
simulation and measurement results share the same trend which
validates the concept and the dynamic performance.

VI. CONCLUSION

In the presented induction machine with converter-fed rotor
windings, the stator power factor can be effectively improved
within a wide load range. Correspondingly, the efficiency of
the induction machine is increased. The efficiency is further im-
proved considering the losses in the power distribution network.
Results for the dynamic performance including starting, load-
ing and deloading of the induction machine are presented from
simulation and experiments based on a 1.8 kW induction ma-
chine with good agreement. It shows that the induction machine
is capable of operating at constant speed and variable load by
setting the fundamental frequency of the converter. The dc-link
capacitor voltage is considerably low which implies a significant
reduction of capacitor and converter size.
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Abstract—This paper investigates an induction machine using
a novel concept of rotating converter. The stator is directly
connected to the grid while the rotor is fed by a rotating converter
with a floating capacitor over the dc-link. An analytical method
to find the operating point at specific power factor and torque is
proposed in this paper, which is verified by the good agreement
between calculation and experimental results. It is found that
when the considered machine topology is operated at rated
torque and unity power factor, the efficiency can be improved
by 0.74% compared with the standard induction machine with
short-circuited rotor. Moreover, the effect of reducing the rotor
resistance on efficiency improvement of the induction machine at
unity power factor is explored. A further efficiency improvement
of 2.36% can be achieved by decreasing the rotor resistance by
30%. Furthermore, optimum efficiency of the induction machine
is studied when it drives a pump and operates near the rated
operation point. The result shows that an optimum efficiency,
which is 3.13% higher than the standard machine, can be
obtained by operating the machine at a new operation point
other than the rated condition. Decreasing the rotor resistance
by 30% will further increase the optimum efficiency by 1.47%.
The corresponding output power will also increase with higher
operation speed and load torque.

Index Terms—Induction machine, unity power factor, rotor
integrated converter, steady state model, operating range, floating
capacitor.

I. INTRODUCTION

C onventional induction machines with short-circuited rotor
windings or squirrel-cage rotor suffer from poor power

factor since they always absorb reactive power from the power
network [1]. In this paper, an induction machine using a
rotor connected converter with a floating capacitor [2] is
investigated. The configuration is shown in Fig. 1. The stator
windings are directly connected to the power network. The
rotor windings are connected to a three-phase converter. The
converter with its controller can be integrated in the rotor
thereby avoiding the slip rings and brushes as well as their
regular maintenance. The control of the converter can be
achieved via wireless communication. This topology gives the
possibility to magnetise the induction machine from the rotor
side thereby improving the stator power factor [3]. Theoretical
and experimental studies [3, 4] have shown the possibility and
performance of this topology for power factor improvement

Fig. 1. Configuration of the system.

including unity power factor. However, efficiency is a more
important property for the induction machine users. A higher
efficiency is attractive to compensate for the price increase
caused by changing the cage-rotor to a wound-rotor and
the construction of the rotating converter with the wireless
communication.

An analytical model will be given to find the operation
speed of the induction machine for specific torque and power
factor. It is then used to study the possible efficiency improve-
ment for unity power factor operation and the effect of reduc-
ing the rotor resistance. Furthermore, the induction machine
is assumed to be used in pump application. Optimal operation
point giving the best efficiency is investigated and the effect
of possible rotor resistance reduction is also considered.

II. ANALYTICAL MODEL

Referring to the equivalent circuit of the topology in Fig. 2,
the steady state model of the system can be described by (1)
to (4).

V̄s = (Rs + jXsl)Is + V̄m

V̄m = jXmIm (2)

¯

¯
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Fig. 2. Equivalent circuit of an induction machine with the rotor windings
connected to a converter.

Fig. 3. Phasor diagram of the induction machine with a rotor connected
converter operating at unity power factor.

V̄m = (R
′
r/s+ jX

′
rl)Ī

′
r + V̄

′
(3)

Īs = Īm + Ī
′
r (4)

where all the quantities are seen from the stator side. |V̄s| is
the rated input stator voltage.

At certain electromagnetic torque Te, the air-gap power is

Pairgap = Teωs (5)

where ωs = 2πf1/np is the synchronous angular speed, in
which the stator frequency f1 = 50Hz and np = 2 is the pole
pair number of the induction machine. The equation for power
flow in the induction machine is

Pin = Pcus + Pfes + Pairgap (6)

which can be expressed as

3|V̄s||Īs| cosΦs = 3|Īs|2Rs + 3|V̄m|2/Rm + Teωs (7)

if the induction machine with a rotor connected converter is
operating at a power factor of cosΦs. The magnetising voltage
is

|V̄m| = k|V̄s| (8)

where k is an estimated coefficient. Solving the quadratic
equation (7) gives two possible solutions which are

|Īs1| = 1

2Rs
(Vcos +

√
V 2
cos −

4

3
Rs(Teωs +

3|V̄m|2
Rm

)) (9)

|Īs2| = 1

2Rs
(Vcos −

√
V 2
cos −

4

3
Rs(Teωs +

3|V̄m|2
Rm

)) (10)

where

Vcos = |V̄s| cosΦs (11)

It can be seen that |Īs1| > |Īs2| > 0 and |Īs1| > |V̄s| cosΦs

2Rs
>

IsN where IsN is the rated stator current. Therefore |Īs2| is
selected as the final solution for a better power factor,

Īs = |Īs2|[cos(π/2∓ Φs) + j sin(π/2∓ Φs)] (12)

where “− ” and “ + ” corresponds to the cases when Īs lags
and leads V̄s respectively. The voltage over the stator winding
is

V̄1 = Īs(Rs + jXsl) (13)

In the triangle consisting of voltage vectors V̄s, V̄1 and V̄m,
the magnetizing voltage is

V̄m = V̄s − V̄1 (14)

where the input stator voltage V̄s = j|V̄s| is on the y-axis. By
comparing |V̄m| in (14) with (8) and correcting the coefficient
k until the difference between (14) and (8) is less than 0.1%,
an accurate value of V̄m can be calculated. The magnetizing
current becomes

Īm = V̄m/Zm (15)

Furthermore, the rotor current is obtained

Ī
′
r = Īs − Īm (16)

The angle between Ī
′
r and V̄m is β = � Ī ′

r − � V̄m.
In the right triangle decided by V̄m, V̄

′
Rrs and V̄

′
as shown

in Fig. 3,

|V̄m| cosβ = |V̄ ′
Rrs| = |Ī

′
r|R

′
r/s (17)

from which the slip s is obtained as

s =
|Ī ′
r |R

′
r

|V̄m| cosβ (18)

It can be seen in the above derivation that, at a certain elec-
tromagnetic torque Te and specific power factor, the required
operating speed can be calculated. The voltage introduced by
the converter is

|V̄ ′ | = |V̄m|sinβ + |Ī ′
r |X

′
rl (19)

Furthermore

V̄
′
= |V̄ ′ |[cos(β − δ) + jsin(β − δ)] (20)
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TABLE I. Machine specifications

PN (kW) 1.8 nN (rpm) 1400
f1 (Hz) 50 pf 0.8

Usl−l (V) 180 Url−l(V) 380
Is (A) 10 Ir (A) 4.5
Rs(Ω) 0.8 Rr(Ω) 2.3
Xsl(Ω) 1.076 Xrl(Ω) 4.796
Rm(Ω) 382 Xm(Ω) 14.8

since V̄
′

lags Ī
′
r by 90◦ as shown in Fig. 3. In addition,

sinusoidal pulse width modulation (SPWM) is used in this
paper, so the DC-link capacitor voltage is

Vdc =

√
6|V̄ ′ |s(Nr/Ns)

m
(21)

where m is the modulation index of the converter.
The output torque is

T2 = Te − T0 (22)

where T0 = 0.4Nm in the laboratory setup, which corresponds
to the friction losses. Furthermore, the output power is

P2 = T2(1− s)ωs (23)

and the efficiency of the machine is

η =
P2

Pin
· 100% (24)

where the input power is

Pin = 3|V̄s||Īs| cosΦs (25)

The speed can be denoted as nU when the induction
machine runs at unity power factor. The power factor will
become capacitive for speeds below nU while it becomes
inductive for speeds above nU . In other word, at certain load
torque, the induction machine can operate at leading, unity
and lagging power factor by adjusting the speed to change the
magnetization from the rotor side.

III. CALCULATION AND EXPERIMENTAL RESULTS

Calculation and experiment are made on a 4-pole, 1.8 kW
induction machine. The rated operation point is at 12.3 Nm and
1400 rpm. The detailed information can be found in Table I.

The experimental setup is shown in Fig. 4. The stator
windings of the induction machine are connected to the power
network via a variable transformer. The rotor is fed by a
three-phase converter, which is controlled by a dSpace control
box. It should be noted that the converter is connected to
the rotor through slip rings but not mounted on the rotor at
this stage. The construction of the rotating converter is still
under development. The induction machine is loaded by a DC
generator. The field winding of the DC machine is connected
to a three-phase rectifier fed by another transformer and a
resistor bank is connected in the armature as a load of the
generator.

Fig. 4. Experimental setup in the lab.

A. Power Factor and Speed

As was mentioned in the previous section, the induction
machine is capable of operating at unity, leading and lagging
power factor. The stator voltages and currents of the induction
machine operating at rated load with different power factor
conditions are shown in Fig. 5. It can be seen in Fig. 5(a) that
the stator voltage and current are in phase when the induction
machine runs at 1388rpm. The stator current lags the stator
voltage when the speed is higher, for instance 1415rpm, as
shown in Fig. 5(b). Furthermore, capacitive power factor is
achieved when the speed falls to 1300rpm, Fig. 5(c). Similarly,
when half load is applied, unity, inductive and capacitive
power factor can be obtained if the induction machine runs
at 1357rpm, 1400rpm and 1200rpm respectively. The results
verify the proposed theory on power factor operation.

B. Unity Power Factor Operation

In this section, only unity power factor is considered. Ana-
lytical calculation is carried out based on the model proposed
in the previous section and verified experimentally in the
laboratory. In the experiment, the induction machine is started
at no-load. Then a load torque of 13Nm is applied gradually.
The data including speed, torque, power factor and currents
are recorded at each operation point with decreasing torque
from 13Nm to 3Nm.

The calculated operating speed and torque for unity power
factor operation of the induction machine is shown in Fig. 7. In
addition, in the following figures, “IM” and “CON” represent
induction machine and rotor connected converter while “EXP”
and “CAL” stand for experimental and calculation results
respectively. The calculated result in Fig. 8 shows that unity
power factor operation can be achieved over a load range
between 3Nm and 13Nm. The experimental results for the
same induction machine are also included in Fig. 7 and Fig. 8.
It can be seen that the measurement agrees well with the
calculation when the load is above the 8Nm. For the load
below 8Nm, the measured speed and power factor are both
lower than the calculated value. The difference is expected
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Fig. 5. Stator voltage and current when the induction machine operates at rated load, (a) unity power factor, n=1388rpm, (b) inductive power factor, n=1415rpm,
and (c) capacitive power factor, n=1300rpm.
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Fig. 6. Stator voltage and current when the induction machine operates at half load, (a) unity power factor, n=1357rpm, (b) inductive power factor, n=1400rpm,
and (c) capacitive power factor, n=1200rpm.
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Fig. 7. Torque and speed at unity power factor operation.

since the effect of temperature rise on the resistance becomes
more significant with longer running time.

Fig. 9 shows the calculated and measured stator current. At
the rated torque of 12.3Nm, the measured and calculated stator
currents are 7.4A and 7.02A respectively. They are lower than
the rated current of 10A for the standard induction machine
with short-circuited rotor.

Fig. 10 shows the calculated and measured efficiency. In
the efficiency calculation, the effect of a temperature rise on
the resistance is considered. The temperature at rated torque
is assumed to be 60◦C. Moreover, the converter and stray
losses have been taken into account by adding the equivalent

Load torque [Nm]
2 4 6 8 10 12

Po
w
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 f

ac
to

r

0.8

0.9

1

1.1

IM+CON, EXP
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Fig. 8. Calculated and measured power factor at unity power factor operation.

resistances to the rotor.

R
′
rr = R

′
r +R

′
con +R

′
stray (26)

where R
′
con = 0.1Ω and R

′
stray = 0.05Ω are empirical

values corresponding to converter and stray losses respectively.
From Fig. 7 to Fig. 10, it can be seen that calculation and
measurement agree well. This verifies the correctness of the
analytical model. This model can therefore be used to study
the possibility of improving the motor efficiency by decreasing
the rotor resistance as is done in the following sections.
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Fig. 10. Calculated and measured efficiency of induction machine with rotor-
connected converter at unity power factor operation.

C. Effect of Reducing Rotor Resistance at Unity Power Factor

When the rotor resistance is decreased by 15% and 30%,
the corresponding torque and speed for unity power factor
operation are depicted in Fig. 11. It is indicated that at
the same torque, the speed for unity power factor operation
is higher for lower rotor resistance, which implies higher
output power. The calculated efficiency improvement of the
induction machine using the presented topology is shown in
Fig. 12. It can be seen that at unity power factor operation
the efficiency can be increased by 0.74% compared with the
standard induction machine, for which the efficiency is 76.8%
as is indicated by point A in Fig. 12. The efficiency can be
further improved to 78.7% and 79.9% at the rated load when
the rotor resistance is decreased by 15% and 30% respectively,
as is shown in Fig. 12.

D. Optimum Efficiency for Pump Application

If the induction machine is driving a pump, the relationship
between load torque and speed will be

TLoad = Bn2 (27)

as is shown in Fig. 13. The stator power factor and effi-
ciency of the machine operating at the speed ranges between
1395 rpm and 1450 rpm are investigated for four different
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Fig. 11. Torque and speed for unity power factor operation of the induction
machine with different rotor resistances.
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Fig. 12. Calculated efficiency of induction machine with different rotor
resistances.

rotor resistance values as shown in Fig. 14 and Fig. 15. The
efficiency for standard induction machine with short-circuited
rotor is about 76.8% when it runs at 12.3 Nm and 1400 rpm,
which is indicated by the point A in Fig. 15. When the
presented topology is used, the efficiency can be increased to
78.6% at the same operation point, as can be seen in Fig. 15.
Moreover, for the presented induction machine topology with
the same rotor resistance of 2.3 Ω, the efficiency increases
with its speed until it reaches 1426 rpm where the optimal
efficiency 79.93% is obtained. When the rotor resistance is
reduced to 90%, 80% and 70% of its original value, the speed
for the best efficiency are increased to 1432 rpm, 1438 rpm
and 1444 rpm and the optimum efficiencies are 80.4%, 80.9%
and 81.4% respectively. The corresponding load torque for
those operating speeds can be found in Fig. 13. Therefore,
a conclusion can be drawn that both the optimum efficiency
and output power are increased when the rotor resistance in
the presented machine is decreased. The relationship between
rotor resistance, power factor, output power and efficiency
for optimum efficiency operation is shown in Fig. 16. With
a known rotor resistance, the resulting operation speed with
load, power factor, output power and optimum efficiency can
be found in Fig. 16 and Fig. 13.
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Fig. 13. Torque and speed characteristic for a pump.
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IV. CONCLUSIONS

A mathematical model used to calculate the operation point
of an induction machine, including the torque and speed at
certain power factor, is proposed in this paper. Good agreement
between calculation and measurements has been obtained,
which verifies the correctness of the model. Moreover, it is
shown that an efficiency increase of 0.74% can be achieved if
the considered induction machine is operating at unity power
factor and rated torque. A further efficiency improvement of
2.36% has been found in the calculation results by reducing
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Fig. 16. Optimum efficiency with rotor resistance, power factor and output
power when the presented topology drives a pump.

the rotor resistance to 70% of its original value. Moreover,
assuming a pump load, an efficiency improvement of 3.13%
compared with the standard induction machine is predicted at
the optimum operating speed. The optimum efficiency can be
further increased by 1.47% if the rotor resistance is decreased
by 30%. The output power is also increased accordingly due
to higher speed and torque. Unfortunately, due to the limited
space in the rotor it is rather difficult to decrease the rotor
resistance in the standard 4-pole, 1.8 kW induction machine.
Therefore, a future study on an induction machine with high
pole numbers, for instance 12 poles, is proposed. It is expected
that lower rotor resistance can be achieved more easily due to
greater space in the rotor making it possible to achieve even
higher efficiencies.

REFERENCES

[1] S. Das, G. Das, P. Purkait and S. Chakravorti, “Anomalies in harmonic
distortion and Concordia pattern analyses in induction motors due to
capacitor bank malfunctions,” Power Systems, 2009. ICPS ’09. Interna-
tional Conference on, pp. 1-6, 27-29 Dec. 2009.

[2] M. Lindmark, US Patent Publication Number: 2011/0050150 A1.
[3] Y. Yao, C. Sadarangani and A. Cosic, “Analysis of an induction machine

using a rotor integrated converter with a floating capacitor,” Electrical
Machines and Systems (ICEMS), 2015 International Conference on,
Thailand, Oct. 2015.

[4] Y. Yao, A. Cosic and C. Sadarangani, “Power Factor Improvement and
Dynamic Performance of an Induction Machine With a Novel Concept
of a Converter-Fed Rotor,” IEEE Transactions on Energy Conversion,
vol.PP, no.99, pp.1-7, 2015.

[5] J. Ewanchuk, J. Salmon and C. Chapelsky, “A Method for Supply Voltage
Boosting in an Open-ended Induction Machine using a Dual Inverter
System with a Floating Capacitor Bridge,” Power Electronics, IEEE
Transactions on, vol.28, no.3, pp.1348-1357, March 2013.

2016 IEEE 8th International Power Electronics and Motion Control Conference (IPEMC-ECCE Asia)



Publication V

Efficiency Improvement of a 12-Pole 17.5kW Induction Mo-
tor Using Converter-fed Wound Rotor

Y. Yao and C. Sadarangani

Submitted to Energy Conversion, IEEE Transactions on,
Nov. 2016.

95





1

Efficiency Improvement of a 12-Pole 17.5 kW
Induction Motor Using Converter-fed Wound Rotor

Yanmei Yao and Chandur Sadarangani

Abstract—This paper investigates an induction machine using
a novel concept of a converter-fed rotor. The stator is directly
connected to the grid while the rotor is fed by a converter with a
floating capacitor over the dc-link. In earlier work this topology
has shown to be capable of improving the power factor and
efficiency of a 4-pole induction machine. This paper explores
the possibility to improve the power factor and efficiency of a
squirrel-cage 12-pole 17.5 kW induction machine by redesigning
the cage rotor to a wound rotor to enable connection of the
rotor windings to the converter. A standard 12-pole squirrel-
cage induction machine (SCIM) with an inherent low power
factor is studied. An analytical model to design the wound rotor
induction machine (WRIM) is then developed. The performance
of the designed WRIM using the analytical model is shown to
agree with the results from the finite element (FEM) simulations,
thus verifying the correctness of the model. The analytical
model is then further used to design different WRIMs with
different dimensions and rotor slot numbers. Performances of
these designed WRIMs show good potential for power factor
and efficiency improvement. Particularly, an optimum efficiency
improvement of 6.8%, compared with the original SCIM, has
been achieved.

Index Terms—Converter-fed rotor, efficiency improvement,
induction machine drives, power factor improvement.

I. INTRODUCTION

I nduction machines with squirrel-cage rotor or short-
circuited wound-rotor winding usually suffer from poor

power factor since they absorb reactive power from the grid.
Especially, the power factor drops with increasing number
of poles due to the increase of the leakage reactance. It is
therefore attractive to find a solution that can improve the
power factor of an induction motor with high pole numbers.

Power factor improvement of induction motor has been
pursued for decades. The simplest solution that uses a capac-
itor bank connected to the machine winding has drawbacks.
The system becomes bulky and the machine can be damaged
[1, 2]. The method of rewinding the stator [3, 4] shows good
improvement in power factor, but unfortunately at the cost
of reduced output capability. With the development of power
electronics, topologies using a converter connected between
the stator and the grid [5–8] have been extensively studied
and used to improve the power factor and efficiency of the
system. Moreover, a dual-stator winding configuration has
been developed with one set of the stator windings connected
to the grid via a main converter and the other set connected
to a floating converter [9–12]. The two sets of windings
are both Y-connected. Furthermore, the winding connected to

Y. Yao and C. Sadarangani are with the Department of Electric Power and
Energy Systems, KTH the Royal Institute of Technology, Stockholm, Sweden.
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Fig. 1. Configuration of the system.

the floating converter can be removed. Instead the floating
converter is connected to the main windings by opening its
Y-point [13–16]. Though the above mentioned converter-fed
induction machines show good improvement of power factor
and efficiency, the converters have to be dimensioned for rated
power and voltage.

An induction machine topology with the wound-rotor fed by
a rotating converter was invented in [17] aiming at improving
the power factor and removing the slip rings and brushes. The
configuration of the topology is shown in Fig. 1. The stator of
the induction machine is directly connected to the grid while
the wound rotor is fed by a three-phase converter. The dc-
link of the converter is a capacitor without any power source.
The sizes of the converter and its dc-link capacitor can be
quite small since they operate at low voltage. This means that
a compact design of the converter can be achieved, which
makes it easier to integrate it with the rotor. The control is
achieved via wireless communication. This topology has been
proved to be capable of improving the power factor of a 4-pole
induction machine. Unity power factor can also be achieved
[18–20]. However, high efficiency is of great importance for
most induction machine users. The improvement in efficiency
should be sufficiently high to compensate for the cost increase
due to the use of a wound-rotor instead of a cage-rotor as
well as the construction of the rotating converter with the
wireless communication. Investigation on the 4-pole, 1.8 kW
induction machine for pump application in [20] has shown
that the presented topology has greater potential to improve
the motor efficiency if the rotor resistance can be decreased.
However, the magnetic path of a 4-pole induction machine is
usually highly saturated. This leads to space constraints that
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TABLE I. Electrical specifications of SCIM0

PN (kW) nN (r/min) f1 (Hz) Usl−l (V) P.F. η(%)
17.5 488 50 500 0.564 84.6

TABLE II. Dimension specifications of SCIM0

Outer diameter of stator DY = 361mm
Inner diameter of stator D = 260mm
Length of the machine L = 290mm

Air-gap length δ = 0.6mm
Diameter of shaft Dri = 75mm

Number of pole pairs np = 6
Number of stator slot Qs = 72

Stator slot number per pole per phase qs = 2
Number of rotor slot Qr = 48

Number of conductors per stator slot Ns1 = 17

makes it difficult to reduce the rotor resistance. In contrast, the
stator and rotor backs of an induction motor with high pole
numbers are usually poorly utilized magnetically, thus offering
the possibility of increasing the slot areas without significantly
saturating the magnetic circuit. The decrease in rotor resistance
which can thereby be achieved is of great advantage for the
present topology which motive further investigation.

In the following sections, a standard 12-pole SCIM which
has a typically low power factor will be introduced first.
Improvement of its power factor as well as the efficiency is
investigated when the induction motor is used to drive a pump.
This is achieved by replacing the cage rotor by a wound rotor
in order to connect the converter to the rotor terminals. An
analytical model is developed for WRIM design. Furthermore,
the performance of WRIM designed by the analytical model
will be compared with FEM analysis to validate the analytical
model. The model is then further used to design WRIMs
with different dimensions and rotor slot numbers in order to
investigate the optimum efficiency and power factor of the
motor at rated operation.

II. SQUIRREL-CAGE INDUCTION MOTOR

The standard 12-pole SCIM is denoted as SCIM0 in the
following. The machine specifications are shown in Table I
and Table II. As can be seen, SCIM0 has a inherent low power
factor of 0.564. The focus of this paper is to investigate on
how the power factor and efficiency of the 12-pole induction
machine can be improved by replacing the squirrel-cage rotor
with a converter-fed wound rotor.

An analytical model is developed to design and investigate
the performance of the SCIM. It should be noted that the
rotor of SCIM0 is skewed by one rotor slot. Two cases, with
and without skew in the rotor, are therefore considered in
the analytical model. The parameters of the equivalent circuit,
shown in Fig. 2, of the designed SCIMs are compared with
data for SCIM0 from the manufacture’s software. The results
can be seen in Table III. As can be seen from the table,
the parameters from the analytical model considering skew
in the rotor are quite close to that of SCIM0, which have
been calibrated to measurements. It should be noted that the
stator and rotor resistances of SCIM0 are values that consider
the actual temperature rise in the measurement, while for
the analytically designed SCIMs, Class-F temperature rise
according to IEC-85 [21] is used. Stator and rotor leakage

Fig. 2. Equivalent circuit of induction machine.

TABLE III. Comparison of parameters between SCIM0 and analytically
designed SCIMs

SCIM0 Analytical, skew Analytical, no skew
Rs(Ω) 0.36214 0.3656 0.3656
Xsl(Ω) 0.939 1.0674 0.9525
R

′
r(Ω) 0.22109 0.2411 0.2411

X
′
rl
(Ω) 2.234 2.2650 2.1501

Xm(Ω) 10.085 10.1708 10.1708

Fig. 3. SCIM0 model in JMAG Designer.

TABLE IV. Comparison of torque between analytical designs and FEM
simulations at 488r/min.

SCIM0, skew Analytical, skew Error (%)
342.8 333.5 2.71

Analytical, no skew FEM, no skew Error (%)
343.9 335.4 2.47

reactance of the motor excluding skew is a bit lower than the
skewed machine, as expected.

Moreover, a 2-D FEM model is built in JMAG Designer.
Only one pole pair of the model is used in the simulation (see
Fig. 3) to shorten the simulation time. Skew is not taken into
account in the 2-D FEM model. In the simulation, the SCIM
is run at the rated speed of 488r/min. The generated torque is
compared with the analytically designed SCIMs and SCIM0
when they are at the same speed. The results can be seen in
Table IV. The skewed SCIM from the analytical design has a
torque 2.71% lower than that of SCIM0, while for the non-
skewed SCIMs, FEM gives a 2.47% lower torque than the
analytical design. The error in both cases can be considered
to be acceptable.

Furthermore, different speeds, including 480r/min and
492r/min, are simulated in FEM. The simulated results are
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TABLE V. Comparison of torque between analytically designed non-skewed
SCIM and FEM at different speeds

Speed (r/min) TAna (Nm) TFEM (Nm) Error(%)
480 487 475.1 2.44
488 343.9 335.4 2.47
492 244.5 240.4 1.68

compared with the analytical calculation for the non-skewed
SCIM. The comparison is shown in Table V. It can be seen
that the differences between the analytical calculations and
FEM simulations are below 2.5%.

From the above comparison it can be concluded that FEM
simulations give credible results. Thus, FEM simulation can
be used to verify the analytically designed WRIM, which is
developed in the following.

III. ANALYTICAL MODEL FOR WRIM DESIGN

In this section, an analytical model is developed to design a
12-pole WRIM. The basic flow chart of the analytical model
to design the WRIM is shown in Fig. 4. With the basic
geometry information known, the stator core and slot can be
designed firstly. Modification will be needed if the selected
conductors are not suitable. The rotor core and slot can then
be designed in the similar manner. The maximum magnetic
flux density accounting for the saturation should meet the
requirements otherwise modifications have to be made on the
dimensions of the teeth in the stator and rotor. Finally, the
parameters for the equivalent circuit of the induction motor
can be calculated. These are then used to obtain the machine
performance. Iterations for optimising the machine design will
not be presented in detail in this paper. Focus in this section
will be on the calculations of the equivalent circuit parameter,
including the resistance, leakage reactance and main reactance.

In this section the stator dimensions are assumed to un-
changed. They are the same as SCIM0, see Table II. The rotor
slot number Qr for the WRIM in this section is also the same
as SCIM0. For the wound rotor, the slot number per pole
per phase qr is 4

3 which means the rotor has a fractional-slot
winding. The effect of fractional slot will mainly influence the
rotor slot leakage reactance calculation.

A. Calculation of Resistance
The stator resistance can be calculated using [22]

Rs = ρsLs2np
q1

Acus

Ns1

c2s
(1)

where Ls is half the value of an average stator coil length.
ρs is the resistivity of copper at the temperature accounting
for Class-F insulation, Acus is the copper area for each
conductor, and cs =

√
3 in this machine since the stator is Δ-

connected.The rotor resistance can be calculated in a similar
manner.

B. Calculation of Unsaturated Main Reactance
The unsaturated main reactance will be needed to calculate

the leakage reactance in the stator and rotor. It can be
calculated using

Xh =
6μ0N

2
1 f1DL

δe
(2)

Fig. 4. Flow chart for WRIM design.

where μ0 = 4π × 10−7, N1 = Ns1q1kws1
cs

is the effective
number of conductors per pole per phase. kws1 is the winding
factor for the fundamental component. δe is the effective air-
gap length considering the Carter factors Cfs and Cfr in the
stator and rotor [22].

δe = δCfsCfr (3)

C. Calculation of Leakage Reactance

The stator leakage reactance consists of four components:
slot leakage reactance Xslots, differential leakage Xδs, skew
leakage reactance Xvs, and end-winding leakage reactance
Xys [22].

Xsl = Xslots +Xδs +Xvs +Xys (4)

The calculation of each component is shown in the following.
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TABLE VI. Stator winding distribution.

Slot 1 2 3 4 5 6
Winding A A C

′
C

′
B B

Slot 7 8 9 10 11 12
Winding A

′
A

′
C C B

′
B

′

1) Stator Slot Leakage Reactance: The stator winding
distribution for one pole pair, i.e. from Slot 1 to Slot 12, is
shown in Table VI. The other 5 pole pairs are repetitions of
the first pole pair. As can be seen, the stator has a full pitch
winding. Each slot contains only the current belonging to one
phase. Therefore, the slot leakage can be simply calculated as
follows.

Xslots = 2πf12npq1(
Ns1

cs
)2Lλs (5)

where calculation of permeance coefficient λs can be found
in [22].

2) Differential Leakage Reactance: The differential leakage
reactance can be divided into two parts, the zigzag and belt
leakage reactances.

Xδs = Xzs +Xbs = σzsXh + σbsXh (6)

where σzs and σbs are zigzag and belt leakage coefficient
respectively [22].

3) Skew Leakage Reactance: The cage rotor is usually
skewed to eliminate some of the harmonics. However, the
wound rotor of the induction machine is assumed to be not
skewed in this paper, therefore

Xvs = 0 (7)

It is given here for the completeness of the leakage reactance
components.

4) End-winding Leakage Reactance: The end-winding
leakage reactance can be calculated using

Xys = 2πf1(2np)q
2
1λy1(Ls − L)(

Ns1

cs
)2 (8)

where

λy1 =
kA

0.3 + τ
· 10−6 (9)

with kA an empirical value in the range of 0.15 - 0.2 for a
random wound winding. It is 0.15 for this machine. For the
rotor winding, λy1 will be replaced by λy2 = 0.595·10−6H/m
because of the relatively lower frequency in the rotor winding
[22].

5) Rotor Slot Leakage Reactance: Similar to the stator
winding, the rotor leakage reactance has the same components.

X
′
rl = X

′
slotr +X

′
δr +X

′
vs +X

′
ys (10)

As was mentioned earlier, the rotor has fractional slot
windings with qr = 4

3 slots per pole per phase. Table VII
shows the rotor winding distribution from Slot 1 to Slot 24.
Windings from Slot 25 to Slot 48 are identical to those in
the first half. As can be seen, some of the rotor slots contain
currents of different phases, for instance in Slot 2 and Slot

TABLE VII. Rotor winding distribution.

Slot 1 2 3 4 5 6 7 8
Upper layer a c

′
b b a

′
c c b

′

Lower layer a a c
′

b a
′

c b
′

b
′

Slot 9 10 11 12 13 14 15 16
Upper layer a a c

′
b a

′
c b

′
b
′

Lower layer a c
′

c
′

b a
′

a
′

c b
′

Slot 17 18 19 20 21 22 23 24
Upper layer a c

′
c
′

b a
′

a
′

c b
′

Lower layer a c
′

b b a
′

c c b
′

Fig. 5. Rotor slot shape and dimensions.

3. This means that the method to calculate the slot leakage
reactance is different from that of the stator.

The shape of the rotor slot including the corresponding
dimensions are shown in Fig. 5.

First, the specific permeance coefficient in each slot should
be obtained. Referring to Fig. 5, the specific permeance
coefficient [22, 23] for the upper side winding in the slot close
to the air-gap is

λU =
hsyr
bsyr

+
hkilr + 2ds
bsyr+bsr0

2

+
hsr0

3 bsr0+bsr1
2

+
hsr1

3 bsr1+bsr12
2

(11)

for the lower side winding in the rotor slot

λL =
hsyr
bsyr

+
hkilr + 2ds
bsyr+bsr0

2

+
hsr0

bsr0+bsr1
2

+
hsr1

bsr1+bsr12
2

+
dm
bsr12

+
hsr2

3 bsr12+bsr2
2

+ 0.335 (12)

while for the mutual induction

λM =
hsyr
bsyr

+
hkilr + 2ds
bsyr+bsr0

2

+
hsr0

2 bsr0+bsr1
2

+
hsr1

2 bsr1+bsr12
2

(13)

Looking into specific slot, for Slot 1, Slot 9 and Slot 17
with both layers containing the current of the same phase, the
flux linkage for each slot is

Ψ̇aa =
√
2μ0(

Nr1

2
)2L(λU + λL + 2λM )İA (14)
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where Nr1 = 66 is the number of conductors in each rotor
slot. For Slot 2

Ψ̇2 =
√
2μ0(

Nr1

2
)2L(İAλL + İ

′
CλM )

=
√
2μ0(

Nr1

2
)2L(λL + λM cos

π

3
)İA (15)

For Slot 10

Ψ̇10 =
√
2μ0(

Nr1

2
)2L(İAλU + İ

′
CλM )

=
√
2μ0(

Nr1

2
)2L(λU + λM cos

π

3
)İA (16)

So the flux linkage of Phase A under the first 3 pole pairs is

Ψ̇A/2 = (3Ψ̇aa + Ψ̇2 + Ψ̇10) (17)

Therefore the total flux linkage of Phase A is

Ψ̇A = Ψ̇A/2 × 2 = (3Ψ̇aa + Ψ̇2 + Ψ̇10)× 2 (18)

The inductance of Phase A is therefore

Lar =
Ψ̇A√
2İA

= (
Nr1

2
)2Lλr (19)

where

λr = 2μ0[3(λU + λL + 2λM )

+(λU + λL + 2λM cos
π

3
)] (20)

The rotor slot leakage reactance is

Xslotr = 2πf1Lar (21)

seen from the stator side it becomes

X
′
slotr = Xslotr(

Ns

Nr
)2 (22)

Calculation of the differential leakage reactance, skew leak-
age reactance and end-winding leakage of the rotor is similar
to that for the stator.

D. Calculation of Saturated Reactance
Firstly, the air-gap voltage, see Fig. 2, is approximated to

be

Vm(i=1) = 0.99U (23)

where U is the rated voltage per phase. The corresponding
air-gap flux density is

B̂δ =
Vm(i=1)√
2πN1LDf1

(24)

The peak MMF required for the air-gap is

Mδ =
B̂δδe
μ0

(25)

The total MMF per pole is given by

M = Mδ +Mts +Mtr +Mrs +Mrr (26)

where Mts and Mtr are MMF in the stator and rotor teeth,
while Mrs and Mrr are MMFs in the stator and rotor backs.
Note that all MMF values are given as peak values. They are
derived from the magnetisation curves for the teeth and back

TABLE VIII. Equivalent circuit parameters of WRIM. [Ω]
Rs Xsl Xm Rm R

′
rF X

′
rl

0.3656 0.9627 9.6169 611.6 0.2574 2.5496

for known values of peak induction in these regions [22]. The
magnetizing current is then obtained using

Im =
π

3
√
2

M

N1
(27)

The magnetizing reactance is

Xm =
Vm(i)

Im
(28)

The total no-load reactance is

X0 = Xm +Xsl (29)

and the absolute value of the no-load impedance is

|Z0| =
√

R2
s +X2

0 (30)

which is used to calculate a new value of air-gap voltage of

Vm(i+1) = U
Xm

|Z0| (31)

If
|Vm(i+1) − Vm(i)|

Vm(i)
< 0.001 (32)

the iterations are interrupted and the calculation is completed.
Otherwise recalculation will be required until the proper air-
gap voltage is obtained [22].

IV. WRIM AND PERFORMANCE

In this section, the 12-pole wound-rotor induction machine
designed using the analytical model in Section. III will be
presented together with its performance. Furthermore, FEM
simulations at the rated speed using JMAG are presented.

A. Analytical Design and Results
The equivalent circuit parameters of the WRIM using the

analytical model in Section III are shown in Table VIII.
When the wound-rotor induction machine is operated with

the rotor windings short-circuited, the torque and input stator
current as function of speed within the range between 464r/min
and 498r/min are shown in Fig. 6 and Fig. 7. The rated
operating point is selected at 487r/min and 336.7Nm, see
Fig. 6, since it is close to that of SCIM0. The magnetic flux
density in the air-gap at no load is 0.8260T.

B. FEM Design and Results
The designed 12-pole WRIM model is built in JMAG

Designer as shown in Fig. 8. This is half of the entire
machine including 3 pole pairs. The rotor winding distribution
is arranged according to Table VII while the stator winding is
the same as for SCIM0.

The machine is then operated at the rated speed of 487r/min.
The generated torque is shown in Fig. 9. The average value is
334.5Nm, which is 0.65% lower than the analytical calculation
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Fig. 6. Torque and speed of the analytically designed 12-pole WRIM with
short-circuited rotor windings.
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Fig. 7. Input stator current and speed of the analytically designed 12-pole
WRIM with short-circuited rotor windings.

Fig. 8. Induction motor model in JMAG Designer.

result (336.7Nm). Meanwhile, the corresponding stator current
is shown in Fig. 10. The RMS value is 38.1A, 4.75% lower
than the analytical value of 40A as shown in Fig. 7. Further-
more, a lower speed (480r/min) and a higher one (490r/min)
than the rated speed are simulated in FEM. The results are
compared with the analytically designed WRIM, as shown in
Table IX. The differences are 3.5% and below.

In addition, the magnetic flux density in the air-gap is shown
in Fig. 11. The peak value of the fundamental component is
0.8137T, which is 1.5% lower than the analytical value.

Comparing the analytical and FEM results from the above,
it can be concluded that the difference between them are
within an acceptable range. Therefore, the analytical model
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Fig. 9. Generated torque of the 12-pole WRIM operated at 487r/min with
short-circuited rotor from FEM simulation.
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Fig. 10. Stator current of the 12-pole WRIM operated at 487r/min with short-
circuited rotor from FEM simulation.

TABLE IX. Comparison of torque between analytical designed and FEM at
different speeds

Speed (r/min) TAna (Nm) TFEM (Nm) Error (%)
480 443.3 458.8 -3.5
487 336.7 334.5 0.65
490 274 267.9 2.2

for the WRIM design can be trusted to give reasonable design
solutions. In the following the analytical model will be further
used to design WRIMs for pump applications together with a
rotating power electronic converter.

V. OPTIMUM EFFICIENCY OPERATION FOR PUMP LOAD

Apart from the induction machine designed in Section IV,
five other WRIMs with different air-gap diameters and rotor
slot numbers are designed to investigate further improvement
in efficiency and power factor. The equivalent circuit pa-
rameters and maximum magnetic flux density in the rotor
teeth Btrm and stator back Brsm are depicted in Table X.
The magnetic flux density in the stator teeth Btsm is lower
than Btrm while Brrm in the rotor is lower than Brsm,
therefore they not listed here. It should be noted that the
WRIM designed in the previous section, denoted as WRIM1
in Table X, is also listed here for easy comparison. As can
be seen, Brm becomes higher with the increased air-gap
diameters D for the same rotor slot number since the stator
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TABLE X. Equivalent circuit parameters of 6 WRIMs.

D (mm) Qr Rs(Ω) Xsl(Ω) Xm(Ω) R
′
rF (Ω) X

′
rl(Ω) Btrm(T ) Brsm(T )

WRIM1 260 48 0.3656 0.9627 9.6169 0.2574 2.5496 1.89 0.76
WRIM2 250 48 0.3639 1.0693 9.6815 0.2746 2.8635 1.92 0.58
WRIM3 275 48 0.3707 1.0229 12.4974 0.2374 2.8108 1.80 0.89
WRIM4 285 48 0.3739 1.0531 12.1946 0.1945 2.8404 1.85 1.22
WRIM5 290 48 0.333 0.8124 9.8211 0.1703 2.3742 1.85 1.36
WRIM6 260 54 0.3656 0.9563 10.0667 0.2577 2.3176 1.84 0.76
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Fig. 11. Magnetic flux density in the air-gap of the 12-pole WRIM operated
at 487r/min with short-circuited rotor from FEM simulation.

Fig. 12. Phasor diagram of the induction machine with a rotor connected
converter.

back becomes thinner. However, the magnetic flux density still
does not reach saturation.

As was mentioned earlier, these WRIMs are designed for
pump applications to investigate the possible improvement
in efficiency and power factor when the rotor is fed by a
converter. The load torque and speed of a pump have the
relationship of

TLoad = Bn2 (33)

Fig. 12 shows the phasor diagram of the induction machine
with the rotor connected converter. It should be noted that the
voltage vector V̄ ′ in Fig. 12, introduced by the rotor connected
converter, is independent of the capacitor size as long as the
capacitance is sufficiently large to limit the voltage ripple. See
[19] for more details.

Moreover, it has been shown in [19] that at a certain speed
n and load TLoad, all the voltage and current vectors in the
phasor diagram, see Fig. 12, as well as the power factor and
efficiency can be calculated. The analytical mathematic model
in [19] has been verified showing good agreement between
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Fig. 13. Efficiency versus speed for the designed WRIMs.
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Fig. 14. Power factor versus speed for the designed WRIMs.

analytical and measurement results. This model can therefore
be used here for power factor and efficiency calculation.

Applying the model in [19] to the six WRIM designs in
Table X, the obtained efficiency and power factor can be
calculated. These are shown in Fig. 13 and Fig. 14 respectively.

For WRIM1 having the same stator, air-gap diameter and
rotor slot number as SCIM0, the efficiency of the induction
machine with rotor connected to a converter can be effectively
improved as can be seen in Fig. 13. Particularly, an optimum
efficiency of 90%, which is 5.4% higher than that of the
original SCIM0 as shown in Table I (84.6%), is obtained
at the speed of 480r/min. The corresponding power factor
is 0.815, see Fig. 14, which is an improvement of 0.251
from 0.564 for the SCIM0, see Table I. Keeping the same
stator and air-gap diameter, WRIM6 with 54 rotor slots gives
slightly higher efficiency and power factor as shown in Fig. 13
and Fig. 14. Moreover, if the stator is also redesigned such
that the air-gap diameters are increased by 15mm, 25mm and
30mm with 48 rotor slots, the efficiency and power factor
can be further improved as shown in Fig. 13 and Fig. 14.
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Specifically, WRIM4 with D = 285mm gives the best power
factor. However, the efficiency of WRIM5 with D = 290mm
is slightly higher. The optimum value is 91.4% at the speed
of 485r/min, which is 6.8% higher than the original SCIM0.
The corresponding power factor is 0.858, which is 0.294 larger
than the original SCIM0.

VI. CONCLUSION

A standard 12-pole squirrel-cage induction motor with an
inherent low power factor is first presented. A method to
improve its efficiency and power factor by using the converter-
fed rotor topology is suggested. An analytical model is then
developed to redesign the cage rotor to a wound rotor with
the same stator. The performance of the analytically designed
WRIM with short-circuited rotor is compared with FEM
results showing good agreement. This verifies the analytical
model which is further used to design WRIMs with different
dimensions and rotor slot numbers. The performances of the
designed WRIMs with converter-fed rotor show promising re-
sults with regard to efficiency and power factor improvements
when WRIMs are used to drive a pump load. Particularly, an
efficiency improvement of 5.4% compared with the original
SCIM is achieved for the WRIM with the same stator, air-gap
diameter and rotor slot number. Moreover, when the air-gap
diameter is increased by 30mm, the optimum efficiency can
be improved by 6.8% compared to the original SCIM0.
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Construction of a Rotating Power Electronic
Converter for Induction Machine Operation

Alija Cosic, Member, IEEE, Yanmei Yao, Student Member, IEEE, Chandur Sadarangani,
and Naveed-Ur-Rahman Malik, Student Member, IEEE,

Abstract—Abstract This paper describes the construction of
the rotating power electronic converter. By mounting the power
electronics on the rotor of an induction machine, the rotor wind-
ing can be made easily accessible without the use of slip-rings and
brushes. This offers certain advantages regarding motor control.
However, it is evident that the rotating mass, communication
with the converter and maintaining the mechanical stability
and reliability of the system are huge challenges that must be
overcome. This paper describes some solution that are partly
investigated and some solutions that still needs to be investigated
in more detail.

Keywords—Power, Electronics, Converter, Rotating

I. INTRODUCTION

THE grid-connected induction machine is really the
workhorse of the industry since its invention over hun-

dred years ago. Due to its robustness, cost effectiveness an
reliability it is widely spread and used in many different
applications. The machine has very few drawbacks where
some of the most important are the low power factor and
the high starting current. One way to get around the low
power factor is by rewinding the stator windings [1]. In [2]
and [3] different methods have been presented to avoid large
starting currents during the start of the induction machine. Both
methods are based on IGBT power semiconductors, which
are installed between the grid and the machine, as they offer
controllability and flexibility. A more common soft-starters are
based on thyristor technology applying voltage control rather
than frequency control [4].
Recently, there is ongoing research where the power elec-

tronic converter is placed on the rotor of an induction machine.
There are several advantages and possible benefits with this
kind of topology, such as the speed control and power factor
improvement [5] - [7]. The idea with mounting power elec-
tronics on the rotor of an electrical machine is not new [9].
Large synchronous machines are already equipped with diode
rectifiers which energize the field windings. For brushless
operation over a limited speed range, the rated power of the
converter needs only to be a fraction of the motors total power
rating. This is because the converter is dealing only with the
slip power of the induction machine. It has been shown that the
speed of the induction motor can be controlled by controlling
the rotor current frequency [6] - [7]. Furthermore, the stator

A. Cosic, Y. Yao, C. Sadarangani and N. U.-R. Malik are
with the Department of Electrical Enargy Conversion E2C, Royal
Institute of Technology KTH, Stockholm, Sweden. e-mail: (see
www.kth.se/en/ees/omskolan/organisation/avdelningar/e2c).

power factor can be effectively improved over a wide range
of loads. Another possibility provided by this topology is the
soft-start of the machine.
This paper present some aspects on construction of rotating

power electronic converter with regard to two different topolo-
gies; a wound rotor induction machine and a novel brushless
doubly fed induction generator for wind power application
[10]. The schematic view of the rotating power electronic
converter is shown in Fig. 1.
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Fig. 1: Schematic view of the rotating power electronic con-
verter.

Unlike the electronics in big synchronous machines, which
only serves as a rectifier, the power electronic converter de-
scribed here, needs an active control. It is evident that there has
to be some processor or micro-controller the will provide the
PWM control signals. An alternative solution would be to use
the wireless connection for transmissions of the PWM control
signals to the converter. This however, would deteriorate the
system performance, both in terms of reliability but also on
bandwidth and capacity of the wireless system.

II. DIFFERENT TOPOLOGIES

As mentioned, in the design process of the converter two
different topologies were considered, a wound rotor induction
machine and the novel BDFIG.
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Fig. 2: Schematic view of the novel brushless doubly fed induction generator for wind power application.

A. Novel Brushless doubly fed induction machine

The novel BDFIG presented in [10] requires a back to back
converter. This topology is a brushless option to a doubly fed
induction generator where the excess rotor power is taken care
of mechanically rather than electrically. The following deriva-
tion and sets of equation illustrate the operational principle of
the system. It is assumed that the system is lossless and the
speed and the torque definitions are illustrated in Fig. 2.
The mechanical power delivered to the system can be

defined as follows
Pm = Tm · ωm (1)

where ωm is the mechanical speed and Tm is the mechanical
torque produced by the turbine. The power delivered to the
grid is defined as:

Pgrid = Tig · ωs (2)

where ωs is the synchronous speed of the flux in the induction
generator and Tig is the torque produced thereof. The power
produced by the exciter machine can be define as

Pe = Te · ωm (3)

where Te is the torque produced by the machine which can be
either positive or negative. As the system must be in balance
at any instance of time following equation can be written

Tm = Tig + Te + Jig · dωm

dt
+ Je · dωm

dt
(4)

In a lossesless system Jig = 0 and Je = 0, thus Eq. (4) can
be rewritten as in the case of steady-state operation

Tm = Tig + Te (5)

Inserting Eq. (1), Eq. (2) and Eq. (3) into Eq. (5) we then
obtain

Pm

ωm
=

Pgrid

ωs
+

Pe

ωm
(6)

As there is no energy storage in the system all mechanical
power into the system should be converted and delivered to
the grid hence Pm = Pgrid, using this equality and inserting
into equation Eq. (6) and after some rearrangement following
equation can be obtained

Pe = Pgrid · ωs − ωm

ωs
= s · Pgrid (7)

where

s =
ωs − ωm

ωs
(8)

is the definition of the slip. As the induction generator is
directly connected to the grid the synchronous speed ωs of
the stator flux will be fixed. Hence, as can be noted from
Eq. (7) and Eq. (8) the exciter power will revers depending on
the shaft speed. As an example assuming a four pole induction
generator with a synchronous speed of 1500 rpm.

ωm < 1500 rpm The slip s is positive thus Te is also positive
which means that the exciter works as a generator operating
at sub-synchronous mode.
ωm > 1500 rpm The slip s is negative, thus Te becomes
negative which means the exciter works as a motor, operating
at super-synchronous mode.

The operational speed range interval as wells as the size of
the generator will determine the power rating of the inverter.
As the converter is placed on the rotor it will only need to
handle the slip power, thus the rating of the converter will be
much smaller compared to the ratings of the generator. The
laboratory setup with a stationary power electronic converter
and brush configuration is shown in Fig. 3.
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Fig. 3: Laboratory set up with an 11 kW induction generator
and a 6 kW Exciter using a traditional brush configuration.

B. Wound rotor induction machine

In earlier studies on induction machine with rotating con-
verter, [6] - [8], rotor windings were connected to a back to
back converter as illustrated in Fig. 4. In this configuration the
stator windings are in Y-connection and directly connected to
the grid. The converter control is perform in such a manner
that the high frequency carrier switching signals for respective
converter are synchronized and voltage vectors of the respec-
tive converter and for the respective phase (six voltage vectors
in total) are created and applied to the rotor winding terminals.
By shifting the phase of the voltage vectors, i.e. by shifting
the reference waves to each converter, the power factor of the
motor can be controlled. The speed of the motor is controlled
by simply controlling the frequency of the switching signals
for both converters.
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Fig. 4: Rotor winding connection to the back-to-back converter.

However, recent studies and measurements have shown that
speed control and power factor improvement can be achieved
with only one converter.

III. CONSTRUCTION OF THE CONVERTER

The main focus when designing the converter was to see
the possible challenges that can emerge when the converter is
operated in wireless configuration mode. As indicated by the
dashed lines in Fig. 1, the primary target of the construction
in this project was development of only one full bridge IGBT
converter. In order to assure mechanical stability, due to the
high centrifugal forces, a full bridge IGBT module has been

Fig. 5: 3D view of the converter.

chosen. Furthermore, the module will also allow for better
cooling properties of the IGBT which is an important issue.
As seen in Fig. 5 the components are mounted on PCB

which is then attached to an aluminum plate that is mounted
on the shaft. The whole construction is then casted into a heat
conducting epoxy in order to achieve good thermal property
as well as good mechanical stability.

A. Power rating of the converter

The power rating of the converter is based primarily on
the nominal power of the novel BDFIG laboratory set up,
which consists of 11 kW induction generator and 6 kW exciter
machine. This is mainly to make future development of the
rotating converter for BDFIM topology easier and faster.

B. Converter control

For suitable control of the rotating converter different
types of micro-controllers have been compared. The ARM-
technology based processor has been chosen with regard to
the performance, the number of I/Os as well as the number
of different manufacturers. Furthermore, easy implementation
and the possibility of generating synchronized PWM signals,
makes it well suited for motor control application.
Fig. 6 shows second converter prototype with micro-

controller evaluation kit. PWM signals are developed and
wireless communication is successfully established and tested.

C. Power supply

In order to have autonomous and self sustained system, the
power supply of control electronics will come from DC-link.
The DC-link voltage will have different characteristics in two
considered systems. While in the BDFIG system the DC-link
voltage is controlled in the system with wound rotor induction
machine the DC-link voltage is floating. For this purpose two
different power supplies have been developed.
The DC-link voltage in BDFIG is varying between 110V-

270V. To this end a DC-DC converter has been developed,
including some margin, the input voltage was set to 50V-310V
giving the output of +15V and +5V.
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Fig. 6: A converter prototype controlled by a micro-controller.
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Fig. 7: Schematic of DC-DC Flyback Converter, Input 50-
310V, output +15V and 5V.

When the system is at stand still, there will be no energy
in the DC-link capacitors, thus the communication with the
converter can not be established. As soon as the turbine starts
to rotate the DC-link capacitors will be energized through the
exciter machine. Here it should be noted that the induction
generator is not connected to the grid as this is performed
through the synchronizations procedure through PLL method
(Phase Lock Loop). As soon as the generator induced voltages
are synchronized to the grid the system can be connected.
The DC-link voltage in a induction machine wound rotor

configuration will have different characteristics. The DC-link
will be energized through the anti-parallel diodes in the IGBT
module. During start of the machine the voltage magnitude
will strongly depend on the size of the DC-link capacitor as
wells as on the size of the machine. Low values will result in

Fig. 8: DC/DC converter Current and voltage waveforms of
the drain current at input of 110V, 0.25A

a high DC-link voltage while high values of DC-link capacitor
will result in a low voltage. For very low values the machine
will not be able to reach the no load speed as the fully charged
capacitor will act as an open circuit.
However, at the intended operation range of 0-20% slip the

size of the DC-link voltage will narrower voltage range. In
[8] 1.8 kW wound rotor induction machine is used in the
laboratory set up and the voltage was varying from 3-4V up to
60V. A DC-DC converter topology is still under development,
thus the power supply in the prototype will be the batteries.

D. Converter communication

For the purpose of wireless communication with the con-
verter, the ZigBee protocol has been chosen. ZigBee has been
developed as a low cost and low power technology that is able
to operate in tough industrial environment. The communication
is established by only two network nodes, where one XBee
module is built-in the electric converter and an other one
is connected to the PC. Both network nodes are configured
individually and are linked connected, making remote control
possible. Network nodes are illustrated in in Fig. 9.

Fig. 9: Converter network nodes.

Each transmission between the nodes is contained in a
package known by both devices. This is mostly because the
demand of high reliability. The package starts with a start
delimiter followed by the data bytes containing the switching
frequency and flags. To increase the accuracy redundancy bits
are added to the end, resulting in a 4 Byte frame.

E. Computer interface

The GUI application is developed in Python programming
environment. The network nodes incorporate two modes of
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Fig. 10: The main window of the GUI application.

communication, API- and AT-mode. The program uses the
transparent, AT-mode, which means that the data is directly
sent to the remote XBee module, without framing. A special
command mode can be entered, this makes it possible to
configure the module.
The computer program interface is shown in Figure 10. The

current version has only a basic set of features and therefore a
few restrictions. The main feature is controlling the converter’s
frequency and as well as start and stop functionality. It also
ensures the user that a correct transmitting XBee module is
connected. On the other hand it cannot sense if the electric
converter actually is running, because of the current one-way
communication.

IV. CONCLUSION

The main intention in the development of the converter is
to test the communication and the control of the converter
under rotational operation. Although power electronics has
been installed on the rotor for a few decades to authors
knowledge there has not been an active control part included.
The solutions presented in this paper are believed to be able
to handle different challenges that comes with high rotational
speed.
Converter operation and wireless communication has been

tested successfully together with a passive resistive load.
Issues regarding the communication with the converter under
rotational conditions are not believed to be causing any major
problems.
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